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Self-adhesive resin cements have become an integral part of luting of indirect 
restorations. Recently, a new formula as a derivative of this cement has been 
introduced as a self-adhesive, dual-cure, hybrid resin/glass ionomer (DC-HRI), 
bulk-fill coronal restorative material that could replace large amalgam 
restorations. These materials could be self-adhesive due to the acidic nature of 
their phosphorylated methacrylate monomers along with improved mechanical 
properties due to high silanated filler content. This thesis was constructed around 
three specific aims; Firstly, optical, mechanical and chemical characterisation of 
natural caries, partially demineralised dentine models against control sound 
dentine. Secondly, to investigate potential interfacial dentine remineralisation of 
the experimental material compared to a commercial highly viscous GIC (EQUIA 
Fill, GC, Tokyo, Japan) and a Bulk Fill resin composite (Filtek Bulk Fill, 3M, USA) 
bonded with a self-etch “Universal” adhesive. Thirdly, to examine the sealing and 
the adhesive properties of the new material compared to the control materials, 
when bonded to these different dentine substrates. The in-vitro demineralised 
dentine model, natural infected and affected carious dentine and sound controls 
were initially characterised using various advanced optical imaging techniques. 
These techniques included two-photon fluorescence microscopy, fluorescence 
lifetime imaging and second harmonic generation imaging (used as a stable 
correlative substrate reference), to assess optical changes before and after aging 
the samples. In addition, Raman spectroscopy was used to detect the mineral 
peak intensity changes. These non-invasive techniques allowed differentiation 
between the carious zones and other dental substrates without labelling, assisted 
by their Knoop microhardness readings. Tissue interactions with GIC and the 
experimental material resulted in significant changes in the optical properties of 
infected, affected and demineralised dentine. A significant increase in Raman 
mineral peak intensity was noticed with the demineralised dentine and caries-
affected dentine due to the possible mineral precipitation and ionic exchange. In 
addition, carefully calibrated fluorescent dye micro-permeability experiments (a 
direct indicator of water uptake within materials and interfaces), in conjunction 
with specific material labelling through the dentine interface, revealed inadequate 




sealing with all the material groups. However, better adhesion was observed with 
the in-vitro demineralised dentine group. This thesis demonstrates the successful 
use of non-invasive multimodal evaluation techniques in determining the changes 
in dentine properties and in investigating potential remineralisation benefits from 
the use of an experimental self-adhesive bulk-fill hybrid restorative material. 
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One of the major challenges in dentistry has been to find an ideal restorative 
material that is biocompatible, mimics the physical and mechanical properties of 
the tooth structure, while maintaining a good adhesion to dentine and enamel and 
resist degradation in the oral cavity. In attempt to accomplish these 
characteristics together with the increase in the aesthetic demands by patients, 
glass-ionomer cement restorations (GICs) were initially introduced as a tooth-
coloured material. Wide ranges of improvements in materials technology have 
led to the current development of resin-modified glass ionomer cements 
(RMGICs) and resin composites (RCs).  
In line with these advances, it is also challenging for dentists and patients to 
choose which ideal line of treatment is suitable, especially when dealing with 
deep carious lesions. Bulk-fill resin composites are becoming increasingly 
popular due to the clinical appeal of reducing the application time into the cavity 
preparation. However, a material with a high viscosity and an anti-cariogenic 
property is preferred when treating such lesions. None of the GICs, RMGICs or 
Bulk-fill composites have fulfilled these requirements. However, one 
manufacturer (3M) has introduced a new experimental high viscosity, bulk-fill, 
self-adhesive coronal restorative material has named DC-HRI to restore deep 
carious cavities and replace amalgam restorations. This material combines the 
advantages of fluoride release of GICs and improved mechanical properties of 
resin composites. It might have potential for caries inhibition or remineralisation 
when restoring deeper carious lesions.  
Nowadays, carious lesions can be treated conservatively and effectively using a 
minimally invasive approach especially if the pulp inflammatory changes are 
considered to be reversible. This caries excavation approach may result in mixed 
dentine substrates left in the cavity including: infected, affected, sound dentine. 
Studying the new experimental materials’ interaction with dental tissues and their 
therapeutic potential is essential to assess their efficacy and thus clinical 
applications. Several techniques and devices have been used for these 
assessments. 




Multimodal non-invasive microscopic evaluations were used to provide valuable 
information about chemical composition, microstructure and the fluorescence 
behaviour of tissues. Dentine has a unique organic and inorganic structure that 
generates unique optical properties when interacting with light. The obtained 
optical and chemical properties are beneficial in dental research, for studying and 
understanding the interaction behaviour and morphology between dentine and 
dental materials. This understanding may influence dental practice and even the 
quality of dental care provided. 
This work aimed to study the adhesive and sealing ability and the interfacial 
interaction between the new experimental self-adhesive restoration with the 
complex structure of carious and sound dentine. It also aimed to evaluate its 
potential for tissue healing or remineralisation when compared with conventional 
equivalent materials used to restore deep carious lesions. To facilitate this aim, 
advanced optical imaging techniques have been used to explore optical and 
chemical changes within dentine substrates. 
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Research aims and objectives 
The studies carried out and presented in this thesis aimed to evaluate the effect 
of the recently introduced dual-cured hybrid resin/ionomer (DC-HRI), self-
adhesive restorative material, on the optical properties and mineral content of 
sound and carious dentine substrates. In addition, testing the adhesive and 
sealing ability with these substrates was carried out. These evaluations were 
based on the validation of non-invasive in-vitro methods, using two-photon 
fluorescence microscopy, fluorescence lifetime imaging and Raman 
spectroscopy. They were used for the characterisation of dentine caries and 
monitoring changes in optical and chemical properties within dentinal tissues as 
an effect of the materials’ application.  
The objectives of this study were: 
1- To study, characterise and validate the use of multi-modal non-invasive 
optical techniques in differentiating between several dentinal substrates 
including: sound, caries-infected, caries-affected and demineralised 
dentine before materials’ applications based on their fluorescence 
properties. 
2- To assess the effect of DC-HRI (3M, USA) coronal restorative materials 
on the optical and chemical properties of in-vitro demineralised dentine 
model against sound control dentine and to compare it with equivalent 
materials such as glass ionomer cement and resin composite bonded with 
a self-etch “Universal” adhesive. 
3- To evaluate the changes in dentine optical properties using two-photon 
fluorescence and fluorescence lifetime imaging as a result of the materials’ 
interaction with carious dentine zones and sound dentine,  
4- To monitor any changes in the mineral contents of carious zones or the in-
vitro demineralised dentine following interaction with restorative materials 
using Raman spectroscopy, to validate any remineralisation potential of 
the new material. 
5- To evaluate the morphology of the interface with the potential sealing 
ability of the applied materials as well as testing their adhesive ability with 
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a variety of dentine substrates in different storage times using the micro-
shear bond strength test and micro-permeability.  





Thesis structure  
In this thesis, the first chapter is dedicated to a critical review of the literature. It 
includes four main subjects discussing the sound, carious and in-vitro 
demineralised dentine substrates, the dental materials used in this study, the 
various techniques applied to conduct this research and bond strength and 
interfacial permeability. The subsequent chapters include the experiments of this 
project which are divided into four main studies. In chapter 2, the first experiment 
characterises the different dentine substrates used through this project. These 
results were used as baseline data for future comparison when interacting with 
restorative materials. In chapter 3, multimodal evaluations of changes in the 
optical and chemical properties of the in-vitro demineralised dentine were 
measured following interaction with DC-HRI and other comparative materials 
using two-photon microscopy and Raman spectroscopy. In chapter 4, evaluation 
of any potential remineralisation effect of DC-HRI and control materials on 
different carious zones were compared to the sound dentine control. In chapter 
5, measurement of the micro-shear bond strength with qualitative assessment of 
the sealing ability of different materials was undertaken with different dentine 
substrates using the two-photon micro-permeability study.  The experiments 
accomplished in this study   were summarised in the following flow chart (Fig. 1-
1)





                                  Figure 1-1. Organisational flow chart of the experiments accomplished in this study with the analytical methods employed.







Chapter 1. Literature Review 
 
The following flow chart summarises the topics that will be discussed in the 
literature review (Fig. 1-2). 
 
Figure 1-2. Flowchart of the literature review discussion points 
1.1 Dentine structure 
1.1.1 Introduction 
Dentine is an anisotropic composite material, which is a thick mineralized tissue 
that lies between the enamel and pulp tissues in the crown and is surrounded by 
cementum in the root. It forms the bulk of the tooth and gives the tooth its elastic 
properties and shape under the brittle enamel structure to withstand occlusal 
forces without fracturing (Pashley, 1991).  
As for connective tissues in general, the components of the extracellular space 
primarily give the tissue its functional characteristics. Dentine is considered as a 
modified connective tissue that is derived from the highly specialised 
ectomesenchymal cells, the odontoblasts, found in the dental papilla (Linde and 
Goldberg, 1993), which are responsible for the synthesis of an organic dentine 




matrix. According to the formation process, dentine can be classified to three 
different types: (1) primary dentine, (2) secondary dentine, and (3) tertiary 
dentine. Primary and secondary dentine are parts of physiological dentine 
formation. During tooth development, primary dentine initially forms and slowly 
progresses into secondary dentine throughout the vital life of the tooth. However, 
tertiary dentine is formed to protect the pulp against noxious stimuli, such as the 
caries process (Summitt et al., 2006).  
Dentine is a porous biological tissue composed of a mineral phase (70% in 
weight), organic material (20% in weight) and (10% in weight) water. On a volume 
basis, which may provide a more relevant picture, the mineral and the organic 
phases account for about 50 and 30%, respectively (Linde and Goldberg, 1993, 
Marshall Jr et al., 1997b). Dentinogenesis occurs simultaneously by two 
processes generated by odontoblasts: (a) deposition of the collagen matrix 




1.1.2 Organic matrix 
All collagen types found within the dentine extracellular matrix (ECM) are fibrillar 
structural macromolecules. Type I collagen is the predominant type found in the 
organic dentine structure (90% by weight) with a minimal amount of type III and 
V. These structural macromolecules act as scaffolds for mineralisation. Other 
non-collagenous proteins also exist in ECM include proteoglycans, phospholipids 
and enzymes. They can promote hydroxyapatite crystal nucleation and regulate 
the mineralisation. Matrix metalloproteinases (MMPs) have a role in the 
physiological and pathological processes in dentine and dentine adhesive 
interface degradation (Chaussain-Miller et al., 2006).  




Structure and Physiology of Dentine 
• Dentine tubules: 
The major morphologic characteristic of dentine is fluid-filled dentine tubules 
radiating outward from the pulp to the exterior cementum or enamel border. The 
tubules are lined by an organic sheath called the lamina limitans, and the tubules 
themselves consist of the odontoblast process and dentine fluid. These tubules 
join the dentine to the pulp and neural plexus, hence providing dentine its 
sensitive nature (Fig.1-3, arrows). A rich collagen fibre network is found in 
peritubular and inter-tubular dentine (Pashley and Carvalho, 1997). 
 
Figure 1-1. SEM image of dentinal tubules Image copyright: Edward Messelt, ARR. 
 
Dentine tubule size, thickness and quantity are dependent on their location within 
dentine, age and the degree of mineralization that all affect the permeability. Their 
density and diameter decrease from the pulp towards the enamel-dentine 
junction (EDJ). Furthermore, dentine permeability is also influenced by the 
number of tubules and their branching (Mjör, 2002). According to the 
hydrodynamic theory, when the dentine gets exposed, the dentine fluid moves 
across the dentine. This movement has been called “transdentinal permeability” 
that stimulates the nervous stimuli and causes dentinal pain and sensitivity. It is 
also responsible for the moistness of exposed dentine by the outward movement 
of the dentine fluid from the pulp. Another type of dentine permeability is noted 
when adhesive resin monomers penetrate from the surface into tubule lamina 




that is called intratubular permeability. The aim of this type of permeability is to 
allow permeation of resin to seal the exposed tubules and contribute to resin 
retention. Dental tubules have an inner diameter about 0.8-2.5μm, their lumens 
are enclosed by a highly mineralised peritubular dentine with only 10% of its 
volume consisting of collagen fibrils. 
• Intertubular/Peritubular dentine: 
 
Figure 1-2. SEM image representing the dentinal tubules surrounded by peritubular 
dentine and inter-connected by the inter-tubular dentine. (studyblue.com). 
Intertubular dentine (the matrix in between the tubules) contains around 30% 
mineralised collagen that is wrapped around the tubules perpendicular to their 
long axis. It consists of a tightly interwoven network of collagen fibrils in which 
apatite crystals are deposited. Transverse dentine sections show a hyper-
mineralised ring around the tubule known as peritubular dentine (Fig.1-4). 
Understanding dentine architecture contributes to the appropriate management 
of different dentine conditions such as caries or cracked tooth syndrome (Elbaum 
et al., 2007). As a result, the bonding to dentine substrate will vary according to 
its location and is enhanced in the shallower dentine compared to the deep 
dentine (Marshall Jr et al., 1997a, Yang et al., 2006). 
 
.    





From a microstructural perspective, the collagen fibrils in dentine reinforce the 
matrix by serving as a scaffold for mineral crystallites. In the intertubular dentine, 
collagen fibrils are distributed randomly but circumferentially around tubules. The 
fibrils are randomly arranged perpendicular to the tubules and the orientation of 
the long axes of the apatite crystals are parallel to the collagen fibrils.  
The ECM contains different collagen types with fibrillar structural macromolecules 
that have a characteristic triple helical conformation. Type I consists of three α 
helical chains; two identical α1 chains and one distinct α2 chain intertwined to 
form a 280 nm molecule (Goldberg et al., 2011) (Fig.1-5).  
Additionally, each helical chain has non-triple helical regions at both the NH2-
terminal and COOH-terminal ends (Butler et al., 1984).  This helical formation is 
characterised by the intertwining of three helical polypeptides forming a fibrous 
“coiled coil” structure with a three-dimensional network called “tropocollagen” 
(Van Der Rest and Garrone, 1991). Each of these chains contains a characteristic 
left-handed amino acid sequence of polyproline, often termed as a polyproline 
type II helix. Then, glycine residue is required to be present in every third position 
in the polypeptide chain and many of the remaining amino acids X and Y are 
proline or hydroxyproline. About 35% of the non-glycine positions in the repeating 
unit Gly-X-Y are occupied by proline, found almost exclusively in the X-position, 
and 4-hydroxyproline, predominantly in the Y-position (Van der Rest and 
Garrone, 1990).  
The dentine collagen has more cross-linking fibrils than the bone collagen. Type 
I collagen fibrils represent the pillar of collagen structure, positioned 
perpendicular to the non-collagen protein. Cross-linking causes a period where 
the collagen molecules overlap, followed by a gap before the next collagen 
molecule. This is called the D-periodic gap/overlap spacing or “D-spacing” as 
shown in Fig. 1-5 (Orgel et al., 2006). 





Figure 1-3.The structure of collagen is represented by a collagen triple helical structure. 
Collagen molecules contain non-triple helical areas at both N, and C terminal ends. The 
repeated cross-linked collagen fibrils showing the periodic banding patterns and 
demonstrating the D-periodic unit with a single overlap (Molecular biology of Collagen, a 
major structural protein. Figure ©2000 by Griffiths et al). 
Non-collagenous proteins (NCPs) 
Many investigations performed before 1980 have reported several non-
collagenous components in pre-dentine and dentine (Leaver et al., 1976). In 
addition to collagen, ECM of the dentine encompasses multiple NCPs (including 
different Proteoglycans, PGs), enzymes and phospholipids (Goldberg and 
Boskey, 1996). It has been suggested that there is a separate family of calcium-
binding phosphoproteins, termed the SIBLING proteins (small integrin binding 
ligand, N-linked glycoprotein) (Fisher and Fedarko, 2003). They comprise dentine 




sialophosphoprotein (DSPP) and dentine matrix protein 1 (DMP-1) (Bellahcène 
et al., 2008).  
NCPs are found with variable extents covering the collagen, playing structural, 
metabolic, and functional roles in soft and calcified tissues. They are associated 
strongly with the mineralisation of dentine matrix and promote HA crystal 
nucleation (Qin et al., 2004). NCPs can bind selectively to the forming HA 
crystals, to guide their growth in specific directions with different crystal shape 
formations. At the same time, they provide the rest of the molecular domains 
available for protein attachment or cell adhesion.  
ECM also includes γ-carboxyglutamate containing proteins such osteocalcin and 
matrix Gla protein.  The former “Osteocalcin” regulates the hydroxyapatite 
crystals growth. It has been also found participating in the blood coagulation 
cascade. In contrast, matrix Gla protein such as Osteopontin (OPN) and 
phosphoglycoprotein (MEPE) were found to inhibit dentine mineralisation and are 
found in both mineralised and non-mineralised but they still have the potential to 
bridge between cells and HA. On the other hand, some additional 
glycophosphoproteins are also expressed during the mineralisation phase of 
bone and dentine such as dentine matrix protein 1 (DMP1), dentine 
sialophosphoprotein (DSPP) and its subdomains; dentine phosphoproteins or 
phosphophoryn (DPP) and dentine sialoproteins (DSP). When these proteins 
found in high concentrations, they bind to CaP nanoparticles to inhibit further 
mineral nuclei formation which could prevent further pathologic calcification 
(George and Veis, 2008). 
 
• Enzymes 
There are many enzymes found in the dentine ECM including alkaline 
phosphatase which provides inorganic phosphate for mineralisation. However, 
there is also the MMP family, composed of 23 members that, based on substrate 
specificity and homology, are divided into the following six groups: collagenases, 
gelatinases, stromelysins, matrilysins, membrane-type MMPs (MT-MMPs), and 
other MMPs which are contributing in extracellular matrix degradation. In the 
dentine–pulp complex, MMPs play a crucial role in regulating and controlling both 
physiological (the organization of enamel and dentine organic matrix, or they may 




regulate mineralization by controlling the proteoglycan turnover) and pathological 
processes (inflammation and tumour invasion) (Palosaari et al., 2003). 
Dentine caries is a pathological process represented by demineralization and 
followed by degradation of the exposed organic matrix that consists mainly of 
type I collagen. This degradation of the dentine collagenous matrix has been 
attributed to MMP activity (Tjäderhane et al., 1998). In dentine, MMP-8 “human 
interstitial collagenases” can play a role in collagen degradation. Additionally, the 
gelatinases MMP-2 and MMP-9 can further deteriorate the triple helical 
confirmation of collagen. They may be involved in the release of dentinal growth 
factors (Hannas et al., 2007). 
1.1.3 Mineral content 
The dentine mineral phase consists of calcium-deficient and carbonate-rich 
hydroxyapatite Ca5(PO4)3(OH) crystals. There are two mineral components of 
dentine: magnesium and carbonate-substituted calcium hydroxyapatite crystals, 
which are arranged in a crystalline lattice structure to give the dentine its 
hardness (Banerjee et al., 1999). Carbonate substitution in biological apatite 
increases apatite solubility (Legeros and Tung, 1983). 
HA crystals are needle-shaped with a thickness of approximately 5 nm and a 
length of 20 nm (Mjör, 1984). Their low calcium content makes their structure 
more prone to acid dissolution and more vulnerable to caries attack than 
stoichiometric apatite (Legeros and Tung, 1983). The initiation of mineralisation 
during dentinogenesis is explained by three mechanisms: 
• Spontaneous precipitation of calcium phosphate when the supersaturation 
level is exceeded. 
• Nucleation of the crystals containing phosphoprotein and glycoprotein in the 
form of spherical structures, which grow and fuse with neighbouring spheres. 
• Deactivation of bone mineral inhibitors. 
Type I collagen and NCPs control the growth and direction of forming crystals 
(Jones et al., 1984). When calcium and phosphate ions are highly saturated, an 
intermediate precursor polymorph such as amorphous calcium phosphate (ACP), 
octa-calcium phosphate and di-calcium phosphate dihydrate, are created and 
apparently transformed to hydroxyapatites. Therefore, type I collagen allows 
crystal deposition by providing the ideal framework for mineralisation. On the 




other hand, the NCPs control the nucleation and apatite growth. This has been 
mediated by providing the carboxylic acid and phosphate to function as 
nucleation sites of Ca/P ions and regulate subsequently crystallised apatite form, 
size and direction. In addition, dentine mineralisation occurs in an incremental 
linear pattern which can reflect the rhythmicity and disturbance in mineralisation 
(Niu et al., 2014).  
 
1.2 Caries process  
1.2.1 Introduction 
Dental caries is the most prevalent non-communicable chronic disease to have 
spread rapidly throughout the world with a significant social impact. It is 
considered an important cause of pain and dental loss. It is a multi-factorial, 
lifestyle-related disease (Paula et al., 2012). The mechanism of the caries 
process starts at the enamel surface when the bacteria present in the oral biofilm 
ferment dietary carbohydrates to form organic acid by-products. The drop in the 
pH below the critical value (pH 5.5), with the increased density of the biofilm and 
the amount of the cariogenic bacteria may facilitate caries initiation and 
progression (Dawes, 2003). Traditionally, the tooth-biofilm-carbohydrate 
interaction has been illustrated by the classical Keyes-Jordan diagram (Fig.1-6). 
Several modifying risk and protective factors can influence the dental caries 
process and progression. 





Figure 1-4. Modified Keyes-Jordan diagram shows the interaction of bacterial oral flora 
and dietary carbohydrates on the tooth surface over time. Dental caries onset and activity 
are more complicated and affected by many modifying risk and protective factors.  
(Modified from Keyes PH, Jordan HV: Factors influencing initiation, transmission and 
inhibition of dental caries. In Harris RJ, editor: Mechanisms of hard tissue destruction, 
New York, 1963, Academic Press.). 
• Mineral dissolution: 
As mentioned in section 1.1.3, the dentine mineral matrix is primarily constituted 
of Ca5(PO4)3(OH) crystals. HAP starts to dissolve when immersed in an 
unsaturated solution until equilibrium is achieved. Fermentation of dietary 
carbohydrates by acidogenic bacteria present in the plaque results in the 
production of different acids such as lactic, acetic and propionic acids that 
demineralize enamel and dentine. Calcium, phosphate, and hydroxyl ions 
accumulate until saturation of the saliva is reached. Following this, ion 
accumulation, pH increase, and re-deposition of these minerals occurs and may 
re-mineralise the surface (Yu et al., 2017). Buffering components and fluoride 
application can also arrest the carious lesion along with the regular physical 
disruption of the dental biofilm (Selwitz et al., 2007).  
Carious dentine histologically has been divided into two main altered layers 
(Fig.1-7), an outer heavily contaminated (infected) zone with irreversible 




structural degeneration and an inner layer of caries-affected partially 
demineralised dentine (Fusayama and Terashima, 1972, Banerjee and Watson, 
2015).  
 
Figure 1-5.  A photomicrograph of a carious tooth section displaying the different dentine 
caries layers as labelled; the caries infected dentine (dark brown zone), caries-affected 
dentine (brighter colour), and sound dentine.  
1.2.2 Zones of a carious lesion 
Minimally invasive dentistry (MID) advocates dental tissue preservation by the 
selective removal of the heavily infected / contaminated carious dentine. The 
success of early detection of the carious lesion plays a key role for better 
management of the disease. This initial management can then promote 
preventive therapeutic measures and encourage the remineralisation of non-
cavitated lesions (Pretty, 2006). Caries lesion differentiation and assessment 
requires a combination of understanding of the caries histology with clinical 
experience in order to avoid the unnecessary cutting of the repairable caries-
affected dentine (Banerjee and Watson, 2015). 
• Caries-infected dentine (CID) 
This is characterised as heavily bacterially contaminated, highly demineralised, 
physiologically non-remineralisable, necrotic dentine showing non-reversible 
denatured collagen fibrils with loss of cross-linkage appearance. Clinically, it 
appears as a dark brown, soft and wet layer (Fusayama et al., 1966, Kidd and 
Fejerskov, 2004). These structural changes in collagen are permenant and 
irreversible. Microbial invasion of carious lesions may induce the progressive 




demineralization of the dentine surface. In consequence, an adaptive response 
of the odontoblasts may follow, in the form of a reactionary dentine matrix to limit 
bacterial invasion in dentinal tubules. Some clinical studies have shown a 
reorganization of the dentine following the soft carious removal (Massara et al., 
2002, Maltz et al., 2013). However, other studies have reported the same 
phenomena in both permanent and primary teeth when the soft dentine hasn’t 
been excavated (Mertz-Fairhurst et al., 1998b, Gruythuysen, 2010, Chibinski et 
al., 2013). 
• Caries-affected dentine (CAD) 
CAD is the inner layer of carious dentine that is partially demineralized with more 
intact collagen fibres. Clinically, it is described as a paler brown, harder, sticky 
and scratchy dentine (Banerjee, 1999). The mineral phase of CAD is composed 
of carbonate-rich hydroxyapatite. A study, using Fourier-transform infrared 
imaging (FTIR), has shown a reduced crystalline structure of CAD with lower 
mineral content compared to the normal dentine (Spencer et al., 2005). A micro-
Raman spectroscopy investigation has suggested that the mineral carbonate 
peak intensity at 1070 cm−1 was lower in CAD compared to sound dentine. In 
addition, a lower magnesium content was noted when caries infected and 
affected dentine were examined by the electron probe microanalysis (EPMA) 
compared with intact dentine, although the densities of calcium (Ca) and 
phosphorus (P) in CAD were relatively similar to intact dentine (Doi et al., 2004). 
Histologically, CAD can be subdivided into three zones: the turbid zone, the 
transparent zone, and the subtransparent zone (Fusayama, 1979, Yamada et al., 
1983, Marshall et al., 1997, Marshall et al., 2001). The turbid zone contains no 
peritubular dentine with a demineralized intertubular dentine (Marshall et al., 
1997a). However, this layer is able to remineralise due to the presence of the 
cross-linked intact collagen (Marshall et al., 1997a, Perdigão, 2010). It also 
contains a living odontoblastic process that helps in remineralization.  
In the transparent zone, an intact peritubular and intertubular dentine was 
observed. It can be hypomineralised or hypermineralised, with limited bacterial 
invasion. The dentine tubules in the transparent zone may be partially or 
completely occluded by minerals. These β-tricalcium phosphate (Daculsi et al., 
1987) crystals are acid-resistant and have a rhomboid-shape, termed 




“Whitlockite” in an attempt to isolate the carious lesion and indirectly protect the 
pulp from the penetration of substances (Frank et al., 1966). The Whitlockite 
crystals have a weaker crystalline structure than hydroxyapatite. Therefore, it is 
relatively softer than the sound dentine (Ogawa et al., 1983, Banerjee, 1999, 
Marshall et al., 2001). In the rapidly progressing lesion, no tubular occlusion was 
noticed (Kidd, 2004). Sound dentine collagen in this layer enables the 
remineralisation process (Fusayama, 1991). 
The subtransparent area represents the transitional area from the transparent 
zone towards the normal dentine. In this zone, a normal tubular structure with 
very fine intratubular crystals was observed (Marshall et al., 2001). These crystals 
have a plate-like structure or granular shape attached to the collagen fibrils.  
• Dental caries detection and differentiation 
Caries detection refers to the determination of the presence and the extent of 
carious lesion with the judgement of its activity. The most commonly used caries 
detection techniques are summarised in Fig. 1-8.  
 
Figure 1-6. Flowchart describing caries detection techniques. 
 
A definitive clinical caries diagnosis can be achieved using a combination of the 
following traditional aids presented in Table 1-1. 
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(Shimizu et al., 
2013) 
 
Many laboratory studies attempted to differentiate between the caries-infected 
dentine and caries affected-dentine based on the difference in their causative 
pathogens and hardness number. These methods are summarised in Table 1-2. 





Bacterial analysis Microhardness 
General 
comments 
• a gold standard to which all other 
tissue differentiation techniques are 
compared. 
• Streptococcus mutans, is the chief 
pathogen associated with caries, 
followed by Lactobacillus casei and 
most prominent in caries infected 
dentine (Kidd et al. 1996). 




• CID, KHN < 25 
• CAD range from 25 
to 40 
• Sound KHN<40  
• (Ogawa et al., 1983; 











































In recent years, the possibilities for accurate caries detection have progressed 
considerably. The focus has returned to the use of light in the infrared or near-
infrared (NIR) region. Advanced clinical diagnostic methods in Table 1-3 can be 
used as complementary methods to the conventional methods mentioned in 
Table 1-1. 












































































































































































































































1.2.3 Bonding to carious dentine  
The traditional complete “non-selective” carious tissue removal is no longer 
recommended during the operative management of deep lesions. Instead, a 
partial, “selective” elimination of caries leaving the soft infected tissue over the 
pulp is thought to maintain the pulp vitality and thus retain teeth for a longer time 
(Schwendicke et al., 2016).  
Intact collagen fibrils are believed to play the key role in remineralisation (Zhao 
et al., 2017), as they provide a scaffold for apatite crystal attachment (Perdigao 
et al., 2010). Clinically, the dentine substrate following selective carious tissue 
removal may exhibit “mixed” chemical and mechanical characteristics and it 
includes a combination of CID, CAD and sound dentine. When this cavity is 
restored, theoretically, the restoration placed impedes the supply of dietary 
carbohydrate to the sealed bacteria, which leads to bacterial inactivation and 
lesion arrest (Marggraf et al., 2018). However, the collapsed collagen fibres 
reduce penetration and infiltration of the monomers within the dentine layer. This 
has clinical relevance where the sealing quality may be impaired and 
microleakage can take place. Microleakage presents as microscopic voids 
between the collagen fibrils which were left by the incomplete diffusion of the 
adhesive monomers.  
Despite this, a recent study has reported that there were no significant differences 
between the bond strength to the CAD or CID. This can be explained by the fact 
that the demineralization in CAD and the partially denatured collagen acts in a 
similar way to totally degenerated CID, especially in long-term storage (Costa et 
al., 2017). Despite the ability of CAD to interact with adhesive systems, the 
intrinsic characteristic of CAD results in a lower bonding performance compared 
with the sound dentine, regardless of the adhesive systems used (Pinna et al., 
2015). The use of Fourier-transform infrared (FTIR) imaging has shown a loss of 
crystallinity in the CAD mineral phase, besides the reduced mineral content and 
spectral changes in the secondary structure of collagen (Spencer et al., 2005). In 
addition, the tubular occlusion by the mineral intratubular deposits of Beta-
tricalcium phosphate or “whitlockite” deposits make this tissue impermeable to 
dentine fluids. However, the wetness of CAD may originate from the inter-tubular 




mineral replacement by the water which hampers proper adhesion of the 
hydrophobic resin and therefore porosities will result within the hybrid layer (Pinna 
et al., 2015). Furthermore, a decrease in the bond strength and the durability of 
this substrate has been reported in the literature regardless of the bonding 
technique and the restorative material used (Nakajima et al., 1995, Yoshiyama et 
al., 2002, Shibata et al., 2016). The hydrolysis of the interfacial layer in the CAD 
may be due to nano-leakage and degradation by MMPs (Erhardt et al., 2008). 
1.3 In-vitro demineralised dentine 
Artificial carious lesions in dentine allow investigations of different strategies for 
caries prevention, excavation techniques or treatment of dentine carious lesions. 
In-vitro models are required in such experiments whose objectives involve testing 
an isolated single process, as more complex variables may confound the results 
(Moron et al., 2013). 
Despite significant advances in preventive and restorative dentistry, replacement 
of tooth fillings is still problematic due to the limited durability of resin-based 
restorative materials when bonded to the demineralised dentine. Based on the 
diversity of structures and morphology of the bonded substrate, laboratory 
methods used to mimic such a scenario should be carefully chosen. Different 
types of studies have been proposed for the induction of artificial caries in human 
dentine (Amaechi et al., 1998). Consequently, various studies play a key role in 
cariology research by investigating caries pathogenesis, prevention and 
treatment.  
A mechanistic study can be defined as an experiment that can test and analyse 
the biological or the chemical events associated with an effect. In 
demineralisation/remineralisation studies, the molecular and physiological 
mechanisms by which substances exert their effect on teeth are explored (Yu et 
al., 2017). Dentine models with caries-like lesions have been produced to 
resemble the CAD, and to overcome standardisation issues when using natural 
caries samples. These methodologies are summarised by a recent review (Yu et 
al., 2017) in the literature and they are categorised into in-situ, in-vitro or in-vivo 
studies as shown in Fig.1-8. An in-vitro study is the type most commonly used in 
the literature and can be subdivided into acidic chemical models or 
microbiological caries induction which are summarised in Table 1-4. 





Figure 1-7. Mechanistic studies on demineralization-remineralization for cariology 
research (published in Web of Science 2014–2016). 
Some studies have attempted to use chemical and bacterial methods for in-vitro 
creation of caries-like lesions as substrates for bonding or testing new materials 
as summarised in Table1-4. 
















Advantages  Produce models 
similar to natural 
dentine caries in terms 
of colour, hardness 
and the presence of 
two distinct layers 
(Clarkson et al., 1984, 
(Marquezan et al., 
2009). 
Mild organic acids 
such as lactic acid and 
acetate acids have 
created lesion closer 






variability in the 
produced lesion 
(Damato et al., 
1990). 
Disadvantages • Microbial culture 
models in the open 
system are more 
complex and time 
consuming 
compared to  the 
chemical approach 
(Yu et al., 2017). 
• The acidified gel 
has impurities that 
is responsible for 
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results are not 
comparable, and 
conclusions could 
be different (Moron 




1.3.1 Effect of acid-etching on dentine  
Acid-etching is the key step in preparing the tooth for the adhesive restorative 
treatment, especially when applying the total-etch approach. This concept was 
first proposed by Buonocore for enamel etching, to increase the bond strength of 
acrylic fillings to the etched porous enamel surface (Buonocore, 1955). Since 
then, controversies concerning the etchant type, concentration, length of etch, 
and rinsing time have developed. The success obtained with enamel etching 
inspired its use on dentine surfaces. However, acid treatment of the dentine 
surface failed to provide bond strength similar to that obtained with enamel. At 
that time, Fusayama et al. demonstrated that the bond strength improved when 
they applied a bonding system with 40% phosphoric acid for 60 secs on enamel 
and dentine simultaneously (Fusayama et al., 1979). Furthermore, Gwinnett and 
Kanca (1992) reported that application of a hydrophilic bonding agent following 
conditioning of the dentine with 37% phosphoric acid for 15 secs resulted in a 
gap-free interface between resin and tissue both in in-vivo and in-vitro studies. 
The application of 37% phosphoric acid was then reduced to 15-30 secs, followed 
by copious rinsing with water for 30 secs to simplify the bonding procedure. A 
study by Barkmeier et al., (1992) has shown that conditioning the dentine surface 
with 35% and 10% phosphoric acid gel and 10% maleic acid for 15 and 60 secs 
provided similar micromorphological effect on the dentine surface. 
The application of conditioning agents to dentine surfaces leaves a surface with 
partial or total removal of the smear layer and exposed collagen (Ceballos et al., 
2002). In addition, they result in the demineralisation of the peritubular and 
intertubular dentine and opening of the dentine tubules (Van Meerbeek et al., 
1992). Nevertheless, many factors have influenced the degree of surface etching 




and demineralisation of enamel and dentine. Furthermore, acid-etching dentine 
and loss of the hydroxyapatite crystals that support collagen may create voids in 
between the collagen fibres. It is difficult for adhesive monomers to penetrate the 
collapsed or the denatured collagen (Pashley, 1992). 
Acid-etching exposes dense collagen fibres, leaving residual HA crystals at the 
base of the demineralised zone (Van Meerbeek et al., 1993). It increases the 
water wettability of the dentine surface regardless of the etchant used (Aguilar‐
Mendoza et al., 2008). Dentine etching proceeded in two stages; rapid rate 
demineralisation of 70-75% of the mineral components, while the remaining 
minerals were then removed slowly (Kinney et al., 1995). Balooch et al. (2008) 
confirmed that the intrafibrillar minerals were dissolved at a slower rate compared 
with extrafibrillar using Raman microscopy and small angel X-ray scattering.  
Mineral content and hardness profiles can be used as indicators for the depth-
related properties of artificial carious lesions. Therefore, a quantitative measure 
of the mineral content such as transverse microradiography (TMR) has been 
used for this purpose and to assess transverse mineral distribution of caries 
lesion in dentine (Moron et al., 2013). It is considered as the gold standard for 
mineral quantification of caries lesions in-vitro. On the other hand, cross-sectional 
hardness (CSH) or surface hardness (SH) may reflect the mechanical resilience 
of the dental hard tissue. However, it is still debated whether CSH or SH analysis 
might reflect depth mineral alterations of carious dental tissues.  
1.3.2 Dentine remineralisation  
Repair of the defective tooth restoration and remineralisation of the hypo-
mineralised carious dentine are considered the major challenges for operative 
and preventive dentistry. Biomimetic mineralisation simulates the natural process 
of mineral crystal formation without using special equipment or strict conditions. 
For an effective remineralisation to occur, reformation of the inorganic mineral-
like structure is highly indicated (Cao et al., 2015). Thus, to improve the durability 
of dental restorations, and to control caries progression, biomimetic dentine 
remineralisation has been highlighted. Dentine remineralisation is more complex 
than enamel remineralisation. The aim of dentine remineralisation is to reform a 
dentine microstructure of the demineralised collagen matrix. This can be 




expressed by intrafibrillar HA formation to occlude the open dentine tubules. 
The enamel surface contains residual seed mineral crystals which are absent in 
dentine lesions. In agreement with this statement, under the same remineralising 
conditions, remineralisation occurs on the surface of acid-etched enamel but not 
with acid-etched dentine (Bertassoni et al., 2009). Such a result may be attributed 
to the limited amount of the residual mineral crystal and exposure of collagen type 
I in the acid-etched dentine. From a biological point of view, different mechanisms 
of apatite growth and crystallisation have been proposed for dentine 
remineralisation. They are classified into classical and non-classical approaches. 
• Classical top-down remineralisation approach 
It is also known as the ion-based crystallisation approach. This approach involves 
epitaxial growth over existing seeds crystallites. Thus, this concept may not be 
applicable for remineralising the completely demineralised dentine or CID as their 
surface lacks seed crystals which are required for apatite growth. The dentine 
surface has been demineralised artificially before the biomimetic mineralisation 
using different methods including: phosphoric acid etching (PA) with 
concentrations 32% to 37%, as a demineralising agent (Reyes-Carmona et al., 
2009, Cao et al., 2013) or (EDTA) at 17% or 0.5 M concentrations (Alves et al., 
2013). In addition, pH cycling was also reported for this purpose (Leiendecker et 
al., 2012). 
Remineralisation can be induced using fluoride releasing restorations and 
bioactive containing adhesives and is mainly based on the deposition of calcium 
and phosphate ions over the pre-existing apatite crystals. These crystals act as 
nucleation sites allowing further precipitation of ions from the surrounding media. 
This process initiates from primary building blocks like atoms, ions or molecules, 
providing clusters. Eventually, some clusters reach the size of a so-called critical 
crystal nucleus which grow further via ion-by-ion attachment and unit cell 
replication (Niu et al., 2014). The top-down mineralization approach occurs by 
epitaxial growth over seed crystallites rather than spontaneous nucleation of 
minerals on the organic matrix (Koutsoukos and Nancollas, 1981). In addition, 
matrix proteins play a pivotal role in the regulation of mineral nucleation and 
growth. This approach results in extrafibrillar mineralisation of the collagen matrix 
but not the intrafibrillar compartments. This may refer to the uncontrolled size and 




orientations of these developed minerals during the classical mineralisation 
process. 
Previous findings from an earlier study confirmed that the mineral distribution of 
the demineralised surface layer had an effect on the characteristics of 
subsequent mineralisation, including the location and density of mineral 
deposition (Kawasaki et al., 2000). Recent studies on this type of classical 
remineralisation have considered it non-functional or incomplete remineralisation 
(Tay and Pashley, 2008, Liu et al., 2011b). 
• Non-classical remineralisation approach 
An alternative in-vitro biomimetic remineralisation approach refers to the “bottom 
up” remineralisation that does not depend on the existence of seed crystallites 
and may be considered as a feasible method for remineralisation of partially or 
totally demineralised dentine. It relies on the backfill of the demineralised dentine 
using a synthetic substitute for certain dentine NCP that plays a specific role in 
biomineralisation. Interfibrillar and intrafibrillar dentine remineralisation have 
been demonstrated using this biomimetic scheme. Intrafibrillar remineralisation 
being crucial for maintenance of the mechanical properties of the mineralised 
dentine matrix (Kinney et al., 2005). There are two suggested analogues; the first 
is polyanionic molecules such as polyacrylic acid which promotes the formation 
of liquid like amorphous calcium phosphate (ACP) (Niu et al., 2014). This will aid 
in intrafibrillar mineralisation of the fibrillar collagen through a flowable nano-
precursor which infiltrates the water filled gap zones in the dentinal collagen 
fibrils, where they precipitate as polyelectrolyte-stabilised apatite nanocrystal 
aggregates (Tay and Pashley, 2008, Liu et al., 2011a, Leiendecker et al., 2012). 
These crystals support the collagen fibres and protect its molecules from further 
degradation. In addition, intrafibrillar remineralisation significantly increases 
collagen mechanical properties to mimic those of mineralised tissues (Ryou et 
al., 2012) and resists the external challenges, such as temperature, endogenous 
enzymes, bacterial acids and other chemical factors. Crystal precipitation is 
guided by the second analogue, which is a dentine matrix phosphoprotein 
substitute (Dai et al., 2011). This analogue is usually a polyphosphate molecule, 
such as sodium metaphosphate, that helps in the crystalline alignment in the gap 
zones (Leiendecker et al., 2012), then to a hierarchical dentine remineralisation. 




In the bottom-up approach, type I collagen molecules undergo self-assembling at 
the nanoscopic scale to provide highly-ordered macromolecular structures. It is 
well-documented that type I collagen acts as a template for ACP attraction in the 
biomineralisation process. Using this approach, hybrid layers formed by etch-
and-rinse adhesives (Sauro et al., 2009) and moderately aggressive self-etch 
adhesives (Liu et al., 2011b), as well as completely demineralised dentine lesions 
(250–300 μm thick) can be remineralised (Leiendecker et al., 2012). Dentine 
ultrastructure was preserved in a phosphate containing fluid with a calcium 
release system, in which polyacrylic acid (PAA) and polyvinyl-phosphonic acid 
(PVPA) were used as analogues of NCPs (Niu et al., 2014, Jin et al., 2018).  
Recently, this approach has been applied in dentine remineralisation 
experiments. It was found by Cao et al. that the presence of casein 
phosphopeptide-stabilized ACP induced a higher remineralisation degree of 
dentine surfaces (Cao et al., 2013). Another study has demonstrated the dentine 
remineralisation in the existence of the additive PAA, during which ACP is initially 
formed in the collagen matrix and further transformed into hydroxyapatite and 
proceeds towards the surface (Wang et al., 2013). Compared to the classical 
approach, the non-classical remineralisation approach is considered more 
advantageous as it provides continuous replacement of intrafibrillar water by 
apatite crystals. It also helps in fibrillar self-assembly without the existence of 
nucleation sites (Liu et al., 2011b). 
In the bottom up approach, calcium-silicate based cements such as MTA, act as 
a calcium source (Tay and Pashley, 2008, Leiendecker et al., 2012). When these 
cements hydrated, they release calcium in the form of calcium hydroxide 
(Camilleri, 2011) and silicon ions in the underlying dentine (Han and Okiji, 2011). 
Compared to fluoride, silica was found to induce more effective dentine 
remineralisation (Saito et al., 2004). It has been suggested in earlier studies that 
calcium silicate cements provide a potential caustic effect due to their high 
alkalinity, which favours apatite formation and dentine matrix phosphorylation in 
phosphate-rich fluids (Tay et al., 2007) 
Apatite formation was also reported when the hydrated calcium silicate cement 
was stored in phosphate‐rich media and characterised as calcium-deficient 
apatite (Chen et al., 2009). Likewise, an earlier study on Biodentine cement (a 




calcium silicate-based restorative material) confirmed the cement’s bioactivity 
and potential remineralisation effects on sound and completely demineralised 
dentine (Atmeh et al., 2015). On the other hand, GICs did not show the same 
remineralisation effect in the completely demineralised dentine samples. 
However, it showed better remineralisation action in in-vitro partially 
demineralised dentine and natural caries-affected dentine samples (Sajini S. 
2016) which would be valuable regarding the cements’ clinical applications in 
deep carious lesions.  
In the literature, several dental materials have been used in attempts to 
remineralise the demineralised dentine both in-vivo and in-vitro. The materials 
used in this study will be discussed in the following section.  






1.4 Dental biomaterials 
Dental biomaterials have been used for the replacement, repair, support and 
regeneration of the lost or defective dental hard tissues (Hench and Ethridge, 
1975). Initially, it was thought that the ideal restorative materials used in the oral 
cavity should be stable, biologically inert, biocompatible and passive without any 
interactions with the body tissues or fluids and with acceptable mechanical 
properties. Dental amalgam, resin composites and dental cements are the 
materials of choice with such properties. Many of the present generation of 
materials are still based upon this concept. However, in the past two decades, 
bio-interactive materials have been introduced to demonstrate an interaction 
between restorative materials and tooth tissue. This evolution has helped in 
tissue healing and prevents disease progression. Biomineralisation is believed to 
induce biological responses through biochemical and biophysical reactions that 
lead to the formation of an apatite layer. The deposited apatite-like compounds 
transform into HA crystals improving the tissue’s mineral content and thus its 
mechanical properties. 
As the research evolves, significant development of new materials or 
improvement in the performance of the existing materials has been noticed. This 
evolution has been mainly directed towards the conservative methodologies of 
minimally invasive dentistry. Therefore, the non-operative application of materials 




with a remineralisation potential has been recommended when restoring dental 
caries conservatively. This may help to reverse the demineralisation process 
caused by the dental caries.  
Several classes of restorative materials have been claimed as bioactive 
materials, which have additional clinical applications for bioactivity outside the 
scope of this review, including endodontic sealers, root end fillers, and root 
perforation repair materials. These remineralising materials include fluoride- 
and/or calcium-containing pulp capping materials, bonding agents, resin 
composites, resin cements, glass-ionomer cements, hybrid resin/glass materials 
and sealants (Vallittu et al., 2018). They are summarised in Table 1-5.  
Table 1-5. Summary of the development of most bioactive pulp capping/restorative 
materials 





Since 1930, calcium hydroxide liners have become the 
gold standard material for pulp capping. An 
antimicrobial action by raising the pH, and the ability to 
induce reparative dentine by growth factors release 
stimulations in dentinal collagen were characteristic 
properties for these materials. However, their solubility, 
inability to bond to tooth and inadequate sealing 
properties have limited their modern use. 
 
(Torabinejad 
et al., 1995). 
MTA In 1993, a mix of Portland cement (tricalcium silicate, 
dicalcium silicate and tricalcium aluminate) and a 
radiopaque agent (bismuth oxide) was launched as 
mineral trioxide aggregate (MTA). This material has the 
same mechanism of action as calcium hydroxide, but it 
seals to tooth structure. Additionally, it can lay down 
calcium phosphate layer in the presence of phosphate 
containing solution. Unfortunately, it requires 2 hours 
and 45 minutes final setting time and it is difficult to 
manipulate 
(Kaur et al., 
2017) 




In 2009, it was presented with a tricalcium silicate 
powder added to calcium chloride liquid instead of 
water. This has improved the material setting to only 12 
minutes. It has excellent sealing ability through 
formulation of mineral tags within the dentinal tubules. 
There is a lack of long term observational clinical 





In 2014, it was brought to the market as an “RMGI with 
a bioactive resin matrix and bioactive glass fillers.” This 
material is able to release calcium, fluoride and 






phosphate ions. The exact classification of this material 
is unclear, as it combines methacrylate resins with 
polyacrylic acid copolymers, suggesting it may be a 
compomer.  





In 2017, another restorative material that provides ion-
release of calcium fluorosilicate glass in a methacrylate 
resin was introduced. These materials have provided a 
relatively acceptable performance in clinical trials 
without using an adhesive. There is still lack of clinical 




Another group of restorative materials claimed their bioactivity by the release of 
calcium, phosphate and fluoride ions. Some authors have recommended this 
ability is more accurately termed “biointeractivity”(Gandolfi et al., 2012). 
In the current project, different bio-interactive or inert materials (conventional 
high-viscosity glass-ionomer cements, experimental hybrid resin/glass-ionomer 
cement and resin composite Bulk-fill material) are investigated for their potential 
in demineralised dentine repair or caries inhibition compared to that of sound 
dentine controls. 
1.4.1 Glass-ionomer cement 
In the late 1960s, Glass-ionomer cements (GICs) were introduced by Alan Wilson 
and Brian Kent at the Laboratory of the Government Chemist, London, for 
commercial use as a decomposable glass and water-soluble acid (Wilson and 
Kent, 1971). Since that time, they have been subjected to extensive researches 
and developments. Ever since their first introduction, their chemical adhesion 
makes these cements act as an essential part of the armamentarium of 
restorative dentistry as well as aesthetic properties and fluoride release (Sidhu, 
2011). 
Glass-ionomers set by an acid-base reaction within 2–3 min from mixing.  This 
reaction takes place between the polyalkenoic acid and the ion-leachable glass 
particles. Therefore, this interaction results in the movement of ions Na+, Ca2+, or 
Sr2+ from the glass into the polyacid solution, followed by Al3+ ions when the acid 
attacks the glass surface. This initial phase is known as a dissolution phase. 
Following ion release, the polyacids molecules become ionised and follow a more 




linear form. An interactive ion-exchange between the freshly mixed glass ionomer 
and wet dentine takes place, leads to chemo-mechanical interaction between the 
two substrates (Wilson et al., 1983, Watson, 1999, Sennou et al., 1999, Yiu et al., 
2004). This ionisation will facilitate the crosslinking of the carboxylic acid group in 
the later stage of gelation (Walls, 1986). The crosslinking leads to the formation 
of the final set matrix including insoluble rigid polysalt, unreacted glass particles 
embedded in that matrix. Water plays a critical role in the setting process and it 
is essential in the maturation process (Billington et al., 2006, Lohbauer, 2009). It 
is distributed in two forms; loose water that can be lost through desiccation or 
bounded chemically to the matrix (Nicholson, 1998).  
This ionic exchange provides the GIC the capability to remineralise the carious 
dentine and tip the balance in favour of apatite formation and promotes their 
adhesion to the tooth substrate. 
The next breakthrough in the development of GIC was the introduction of highly 
viscous compositions, aiming to be used in conjunction with the Atraumatic 
Restorative Treatment (ART) technique, in which hand caries excavation is 
applied (Frencken et al., 1996).  In the current study, a high-viscosity glass-
ionomer restoration was selected as a control restorative material to be compared 
with the new experimental material. This selection was based on that all materials 
are highly viscous with self-adhesive properties to replace amalgam restorations 
in the deep posterior cavities.  
Clinically, GICs are highly recommended as anti-cariogenic materials that can 
induce the remineralisation of the carious dentine due to fluoride release which 
is one of the major advantages of GICs. In the acidic media, an increase in 
fluoride release from the GICs was anticipated to buffer this medium (Nicholson 
et al., 1999), hence, it can be easily taken up by hydroxyapatite of the tooth (Lewis 
et al., 2013) to form fluorapatite in the adjacent tooth structure thereby making it 
more resistant to demineralisation. The second advantage is their self-adhesion 
properties to the tooth structure which takes place in a number of stages. First, 
fresh cement paste is placed allowing proper wetting of the tooth surface due to 
the hydrophilic nature of both cement and dentine. Second, hydrogen bond 
formation between the free carboxyl groups of the cements and water on the tooth 
surface (Wilson, 1974). Third, true ionic bonds replace these hydrogen bonds 




and result in slow formation of ion-exchange layers between the tooth and the 
cement (Ngo et al., 2006). 
 1.4.2 Resin-modified glass-ionomer cements (RMGICs) 
Several modiﬁcations have been implemented to the conventional GICs in an 
attempt to overcome their downsides of the sluggish nature of the setting 
reaction, limited working time along with prolonged moisture sensitivity and poor 
mechanical properties (Moshaverinia et al., 2011). The key modifications involve 
incorporation of auto-cured or photo-cured resin systems into GICs to produce 
resin modified glass ionomer cements (RMGICs) (Wilson, 1990). In addition, 
there have been several modification attempts to improve GICs’ mechanical 
properties by incorporation of polyvinyl phosphonic acid (Khouw-Liu et al., 1999), 
fibre-reinforcement (Lohbauer et al., 2003), silica particles (Tjandrawinata et al., 
2004) and bioactive apatite (Moshaverinia et al., 2011).  
RMGICs were introduced in the late 1980s to overcome the initial high solubility 
of GICs. They contain the same essential components as conventional glass-
ionomers (basic glass powder, water, polyacid), but the acid-base reaction 
neutralisation was supplemented by additional polymerisation reaction through 
the incorporation of water soluble monomers and a photo initiator to stimulate the 
setting reaction (Berzins et al., 2010). The monomer is typically 2-hydroxyethyl 
methacrylate (HEMA) and the initiator is camphorquinone (Mitra, 1991). These 
hybrid materials have developed to combine the anti-carious potential of GICs 
and the favourable mechanical properties of a resin composite. The superior 
properties offered by RMGICs include increased working time, reduced setting 
time, less moisture sensitivity and improved mechanical properties (Nicholson, 
2010).   
Compared to the GICs, biocompatibility of RMGICs are compromised due to the 
release of the cytotoxic HEMA monomer in the first 24 hrs and its ability to diffuse 
through the dentine to the pulp cells (Kan et al., 1997, Palmer et al., 1999). 
However, clinical studies have shown a high success rate when used as an 
indirect pulp capping material (Marchi et al., 2007, de Souza Costa et al., 2007). 
On the other hand, RMGICs have a superior caries preventive effect when 
compared to the conventional resin composite restoration (Yengopal and 
Mickenautsch, 2011). Another study has reported the significant decrease of 




bacterial counts in the sealed partially excavated caries lesions by RMGICs 
compared to amalgam restoration (Kreulen et al., 1997). 
1.4.3 Self-adhesive resin cement  
RelyX™ Unicem cement is a dual-curing, self-adhesive universal resin cement 
for adhesive cementation of indirect ceramic, composite or metal restorations. No 
bonding or conditioning of the tooth is required before its application. Compared 
to the multi-step composite cements, RelyX™ Unicem is characterised by a 
higher moisture tolerance and fluoride release. It is essentially characterised by 
high dimensional stability, excellent adhesion to the tooth structure and good 
aesthetics among other cements (Zidan et al., 2015). It is available in two 
formulations: as powder/liquid Aplicap and paste/paste Maxicap capsules (3M, 
St.Paul, USA). The cement chemical composition is summarised in Fig. 1-10.  
 
Figure 1-8. RelyX™ Unicem chemical composition 
It has a combination of acidic methacrylate monomers that contain several 
phosphoric acid groups and carbon double bonds. Phosphoric acid groups 
contribute to self-adhesion, while double carbon bonds are responsible for the 
high reactivity of the methacrylate monomers. Thus, the cement shows a high 
degree of cross-linking following setting and high mechanical properties can be 
achieved which may contribute in the long-term stability of the cement. It includes 
two types of filler: silanated (chemically embedded into the matrix), and alkaline 
(basic) that can react with the phosphoric acid groups of the methacrylate 
monomers during the neutralisation reaction. These fillers are responsible for 
buffering or increasing the initial acidity following the mixing of the cement (Zorzin 
et al., 2012). A simultaneous neutralisation reaction takes place to overcome the 




initial acidity of the cement by fluoride release. During setting, cement transforms 
from hydrophilic to hydrophobic nature.  
1.4.4 Hybrid resin/glass ionomer self-adhesive restoration 
Recently, a new formula as a derivative of RelyXTM cement was introduced as a 
bulk-fill, highly viscous, dual-cure hybrid resin/ionomer (DC-HRI, 3M, USA), 
coronal restorative material that could replace large amalgam restorations in 
deep cavities. The new experimental material combines the self-adhesiveness, 
the anti-cariogenic properties of GICs and the high mechanical strength of the 
resin composite bulk-fill restorations. Therefore, they are anticipated to induce 
similar effects to these materials, when they interact with the dentine substrates. 
The objective of developing this kind of restoration was to reduce technique 
sensitivity and for simple handling without sacrificing good adhesion to tooth 
structure in deep cavities.  
They contain mainly surface modified glass powder, oxide glass chemicals, and 
calcium hydroxide in their powder. The liquid involves mono, di, and tri-glycerin-
dimethacrylate phosphoric acid ester, tri-ethylene glycol dimethacrylate, 
substituted dimethacrylate. These chemical compositions are the same as those 
mentioned in the Rely X™ composition, but with an increased powder/liquid ratio 
in order to increase their mechanical properties. 
However, it has been reported previously that self-adhesive resin cements 
provide a relatively low shear bond strength to dentine as they don’t dissolve the 
smear layer (Goracci et al., 2006) and they interact superficially with the tooth 
surface. Since self-adhesive cements are applied without pre-treatment for luting, 
penetration of and interaction with the underlying dentine are questioned. Results 
showed that self- adhesive cements were not able to dissolve/penetrate the 
smear layer completely (Monticelli et al., 2008). Likewise, it is suggested that the 
experimental material provides a similar low bond strength to dentine, as it has 
higher viscosity than the luting cements. 
The manufacturer claims that DC-HRI has shown promising physical properties 
data. However, there is still lack of any clinical evidence data.  




1.4.5 Bulk-fill resin composites  
Compared to dental amalgam, resin composites (RCs) have improved aesthetics, 
with a conservative cavity preparation (Hickel and Manhart, 2001) and 
micromechanical adhesion to the tooth structure using special bonding 
adhesives. However, they have several shortcomings regarding their mechanical 
properties, polymerisation shrinkage, abrasion and wear resistance, marginal 
leakage, thermal expansion and toxicity (Anseth et al., 1995, Lovell et al., 2001, 
Ferracane, 2005). In addition, layering techniques can incorporate voids and are 
time-consuming. Current changes in the composite are more towards developing 
systems with a reduced polymerisation shrinkage, as well as providing self-
adhesive properties to the tooth structure (Ferracane, 2011). Modern RCs have 
higher bond strengths to dentine compared with RMGICs and GICs (Nujella et 
al., 2012). This is in agreement with the results provided in this thesis.  
In order to simplify and speed-up the placement of large posterior RC 
restorations, manufacturers have provided a range of materials which can be 
placed in single or deeper increments, known as bulk-fill RCs. Bulk-fill 
restoratives include either lower amount of nanofillers or increasing the filler size 
to decrease light scattering. They have been marketed to restore around 4-5 
mm cavity depth. This high depth of curing is referred to the presence of different 
photo-initiators that are more translucent which facilitate the passage of light to 
much deeper layers (Jang et al., 2015). This eventually will minimise the time 
needed for posterior restorations and decrease their technique sensitivity. Bulk-
fill materials exhibit less shrinkage stress than conventional RCs (El-
Damanhoury and Platt, 2014).  
Bulk-fill composites can be provided in either low (flowable) or high- viscosity 
form according to their indications. High-viscosity bulk-fill composites comprise 
greater amounts of filler particles compared to low-viscosity bulk fill 
composites. Therefore, better adaptation but greater polymerisation shrinkage 
may result when flowable composite is used. Due to their lower mechanical 
properties, it is advocated be finished with a 2-mm capping layer of a high-
viscosity bulk-fill composite resin, especially when restoring high-stress 
bearing areas (Bucuta et al., 2014). In the current study, bulk-fill composites 




were used in a high-viscosity form as a comparative material to both GICs and 
DC-HRI. 
1.4.6 Scotchbond Universal adhesive   
Self-etch adhesives do not require a separate acid etch step, as demineralisation 
and priming occur simultaneously. Compared to etch and rinse systems, self-etch 
systems have shown reduced technique sensitivity, shorter application time and 
less post-operative sensitivity (Van Meerbeek et al., 2003, Van Meerbeek et al., 
2005). These factors allowed for better standardisation and a large increase in 
self-etch adhesives usage among clinicians (Perdigao, 2007). They do not 
remove but incorporate the smear layer in the hybridised complexes. Some 
studies reported incomplete resin infiltration for some self-etch adhesives (Tay et 
al., 2002). However, they showed a reduction in post-operative sensitivity 
following placement of posterior composite restorations (Unemori et al., 2004). 
Self-etch adhesive materials have been suggested for indirect pulp capping as 
they are utilised to improve retention, minimise microleakage, and reduce post-
operative sensitivity of resin composite restorations. When managing deep 
cavities or even pulp exposure, the hypothesis of pulp healing can be guaranteed 
if adequate sealing of the pulp against bacteria or controlled haemorrhage is 
achieved, together with placement of acidic restorative materials (Pereira et al., 
2000, Modena et al., 2009). 
ScotchbondTM Universal adhesive is known as a “multi-mode” or “multi-purpose” 
adhesive according to the mode of its application, as self-etch (SE) adhesives, 
etch-and-rinse (ER) adhesives, or as SE adhesives on dentine and ER adhesives 
on enamel (a technique commonly referred to as “selective enamel etching”) 
(Perdigão et al., 2012). It differs from the current self-adhesive systems by the 
incorporation of monomers allowing chemical adhesion to the dental substrates, 
hence the durability of the bond may be prolonged (Haefer et al., 2013). It utilises 
phosphorylated monomers in an aqueous solution. It contains an etchant: 34% 
phosphoric acid, water, glycol and amorphous silica, and an adhesive: MDP 
phosphate monomer, dimethacrylate resins, HEMA, fillers, water, initiator and 
silane.  




The bonding mechanism of self-etch adhesive systems is two-fold, micro-
mechanical interaction and chemical bonding; providing improved restoration 
durability (Giannini et al., 2015). The micro-mechanical bonding contributes in 
resistance to the mechanical stress, while the chemical bond with hydroxyapatite 
reduces the hydrolytic degradation and maintains the marginal seal for a longer 
period (Van Meerbeek et al., 2011). The functional acidic monomers are 
composed of specific carboxylic, phosphonic or phosphate groups, such as 
Phenyl-P, 10-methacryloyloxydecyl dihydrogenphosphate (10-MDP), acrylic 
ether phosphonic acid and other phosphoric acid esters. 10-MDP monomer has 
a dihydrogenphosphate group from is responsible for etching and chemical 
bonding, while its long carbonyl chain provides the hydrophobic properties and 
hydrolytic stability to this acidic monomer.  
Yoshiyama et al. examined the interfacial morphology of two bonding systems 
(Single Bond, 3M and Fluoro Bond, Shofu) to caries-infected dentine, coupled 
with the measurement of µTBS, and reported lower bond strength to carious 
dentine compared to that of sound dentine regardless the type of adhesive used 
(Yoshiyama et al., 2004). It has been also reported in a recent study that SU 
adhesive has provided higher bond strength values in self-etch mode in sound 
dentine compared to artificially induced CAD (Follak et al., 2018a). On the other 
hand, a previous study showed that the performance of this adhesive was the 
same for both sound and artificial CAD (Lenzi et al., 2015). 
  






1.5 Evaluation of dental restorations 
Despite the laboratory studies can effectively predict restoration performance, 
correlating their data with clinical performance is challenging, and there are no 
truly predictive tests of long term clinical performance (Bayne, 2007, Green and 
Banerjee, 2011). Thus, the ultimate objective of a laboratory test should be data 
collection to predict the eventual clinical outcome. Nevertheless, it is without 
doubt that these tests afford valuable information on the preclinical performance 
of dental restorative materials which can provide, to some extent, an estimate on 
the predictability of their clinical performance (Braga et al., 2010). According to 
Van Meerbeek et al. (2010), the advantages of laboratory investigations over 
clinical trials are: 
• Speed in data gathering 
• Relative ease of test methodology 
• Ability to specify and isolate one parameter while keeping other variables 
constant 
• Direct comparison of new and/or experimental material or techniques with 
the current gold standard 
• Use one setup to compare many experimental groups 




• Relatively inexpensive test protocols/instruments 
In the oral environment, dental restorations are exposed to stresses from 
mastication forces. These forces may cause failure or deformation of the 
restoration/tooth interface and thus affect the durability of the restoration. The 
most commonly used in-vitro method for assessment of dental restorative 
materials is the bond strength test (De Munck et al., 2012). Additionally, interface 
morphology, microleakage, nanoleakage and micro-permeability are also used 
for the dentine sealing ability assessment of the bonding agent and dental 
restorations. Bond strength testing is one of the key aspects used to screen new 
products and to study the influence of experimental variables. Van Noort & others 
(1989), however, demonstrated that bond strength cannot be regarded as a 
material property. In contrast, they may largely depend on the actual test set-ups; 
therefore, it is not surprising that recorded bond strengths differ from one lab to 
another due to test variables such as sample geometry, type of material and 
substrate, and size of the bonding surface area examined (Van Noort et al., 
1989).  
 
1.5.1 Bond strength tests 
The adhesive ability of dental restorations can predict, to some extent, the 
longevity of a restoration. Based on the size of the bond area, bond strength can 
be measured statically using macro- or micro- test setups. Static tests are 
categorised into macro-tests where the bonded area larger than 3 mm2, whilst 
micro-tests have a bond area less than 3 mm2. Both can be measured in a shear, 
tensile or push-out protocol. During mastication, mechanical stress by chewing 
forces, thermal and chemical stress along with changes in temperature and pH 
will have an effect on the bond integrity unlike dynamic tests where the specimen 
is in a dynamic state.  
• Macro-shear bond test/push-out 
In a shear bond test, two materials are connected via an adhesive agent and 
loaded in shear until failure. It has been the most highly used test, as no further 
specimen processing was required after the bonding procedure. Although this 
test is fast and easy to apply, the generated stress distribution is heterogenous. 
It has been reported earlier that several factors can influence various parameters 




in bond strength testing. These factors may be related to the tooth substrate, 
study design, materials used, storage time, different configurations used for shear 
test such as wire loops or knife edges (Leloup et al., 1998, De Munck et al., 2012). 
Another type of shear test is called the push-out test, which can be used to test 
the retentive ability of endodontic posts. It has never been adopted as a universal 
bond-strength test method, due to the more laborious specimen preparation 
involved as well as the more time-consuming methodology (Goracci et al., 2004) 
• Macro-tensile test 
In a tensile bond test, the test sample undergoes stresses on both side. It can be 
actively held to the gripping device using special glue or clamps or passively 
without glue. The stresses associated with the tensile test are far more 
homogenous across the interface than in a shear test. It is suitable for hard 
materials such as cements bonded to ceramics and metal alloys (Armstrong et 
al., 2010, Van Meerbeek et al., 2010).  
There are lots of variables that can affect the Macro-test results which are 
summarised in Fig. 1-11. 
 
 
Figure 1-9. Flowchart showing the variables that influence the bond strength testing 
(Sirisha et al., 2014). 
 
 




• Micro-tensile test 
A micro-tensile bond strength (µTBS) methodology has been promoted since the 
mid-1990s by Sano and others to overcome the limitations of macro-tests, in 
which the material is adhered to dentine, then sectioned into individual 
composite/dentine sticks with a rectangular cross-sectional area of (0.8–1 mm2) 
and pulled apart (Sano et al., 1994, Pashley et al., 1999, Armstrong et al., 2017). 
These authors demonstrated that micro-tensile bond strength was inversely 
related to the bonded surface area (Sano et al., 1994). Although much higher 
bond strengths than by other techniques were measured, most adhesive failures 
still occurred at the interface between tooth substrate and adhesive.  
The advantages of this technique include faster sample collection and better 
economic use of teeth (multiple micro-specimens from one tooth), better control 
of regional differences (centre or peripheral sides of teeth), obtaining higher 
interfacial bond strengths and more uniform loading stress distribution over a 
smaller bonded area (less cohesive failure is expected) (Neves et al., 2008). This 
provides reliable bond strength data as the adhesive failure represents the “true” 
adhesive bond strength value while the cohesive failure can result from technical 
errors within the test setup (Scherrer et al., 2010). Additionally, this test enables 
the use of high-magnification imaging techniques after de-bonding for the 
evaluation of the failure mode in comparison with macro-tensile bond strength 
testing (Armstrong et al., 2010, El Zohairy et al., 2010). 
However, the major disadvantage of µTBS-testing is that it’s considered a 
technically demanding test and a relatively fragile sample preparation technique. 
Thus, special care should be taken to minimise/limit the production of 
microfractures at the interface during specimen preparation; brittle materials in 
particular cannot stand such forces. Other important factors such as specimen–
jig configuration, attachment, and specimen-loading alignment, greatly affect the 
final result and so must be consistent within the test set-up to provide meaningful 









More recently, some authors have advocated a new test method as a substitute 
for the conventional shear test: the so-called "micro-shear" bond strength (µSBS) 
test, using specimens with smaller dimensions (ranges between 0.7-1.5mm2), for 
better stress distributions (Shimada et al., 2002). This test combines the ease of 
manipulation, regional and depth profiling of a variety of substrates, together with 
the ability to test several specimens from one tooth. It causes fewer voids and 
less stress-raising factors in smaller bonded areas than those that possibly occur 
in larger areas. The µSBS test allows testing of small areas, and it has the same 
advantages as the µTBS, with no sectioning procedures required to obtain 
specimens, as these laboratory procedures themselves may induce early micro-
cracking within the specimen (Ferrari et al., 2002). Therefore, it is recommended 
to be used with brittle materials. However, this protocol has a shortcoming in the 
difficulty in confining the bonding agent to the area tested, which is required by 
ISO-standard No. 11405 (2003) (ISO, 2003), and may result in a thick adhesive 
layer and non-uniform loading condition (Yildirim et al., 2008). In addition, the 
variability in test configurations including wire loops, points and knife edge made 
the comparison of the results between studies more challenging (McDonough et 
al., 2002).  
Moreover, the majority of studies have used polyethylene tubes as a mould to be 
filled with the examined material before storage; they are then removed by the 
operator using a scalpel blade before testing (Shimada et al., 2002, Andrade et 
al., 2010). The pressure exerted on the blade by the operator to cut through and 
remove the polyethylene tubes may be transferred to the material cylinder and 
consequently form cracks along the specimen. Additionally, this pressure may 
lead to stresses at the adhesive interface and cause premature failures. Some 
authors keep the tube in position while testing to avoid such pressure, claiming 
that there is no difference in bond strength if Tygon tubes were either kept or 
removed for load application (Foong et al., 2006, Sirisha et al., 2014).  
However, a closer look at the number of pre-test failures (PTF) indicated that 
even gentle removal of the Tygon tubes induces some level of stress at the 
interface, since the tube removal procedure yields a high number of PTFs. The 
controversy around the usage of the Tygon tubes has led to testing a new 




methodology. A study by Scherrer et al. (2010) has tested the effect of keeping 
the Tygon tube before the composite rod was placed on the dentine surface on 
the results obtained. Higher resin-dentine bond strength values and no PTFs 
were reported, which indicated that this factor affects the bond strength values 
(Scherrer et al., 2010).  
On the other hand, due to the small bonded area, PTFs can occur in many 
specimens immediately after construction, depending on the adhesive system 
and method of specimen manufacture. Nevertheless, these PTFs must be 
correctly included in the statistical analysis, something which is often neglected 
(Scherrer et al. 2010).  
1.5.2 Failure mode analysis  
Following bond strength evaluation, the de-bonded surfaces were reassessed to 
determine the mode of failure within the specimen. It is considered as an 
important parameter for interpreting bond strength results. It was reported that 
there is no clear consensus in the literature regarding failure mode classification 
as they were assessed using different analytical microscopy technologies 
(Scherrer et al., 2010).  
Although the physical bonding is always present, it is considered very weak. On 
the other hand, the chemical bonding may provide covalent, ionic, metallic, and 
chelation bonding. The most common adhesion mechanism for dental materials 
remains mechanical interlocking.  
Failure mode has been divided into three main types: adhesive, cohesive or 
mixed failure. Cohesive failure happens within the test material or tooth substrate 
itself. Adhesive failures occur at the adhesive interface between the material and 
the tooth and mixed failure represents a mixture of adhesive and cohesive failure 
within the same fractured surface (Armstrong et al., 2010, Scherrer et al., 2010). 
In fact, it has been reported that there is a direct positive correlation between the 
bond strength and cohesive failure. Low magnification of stereomicroscopes has 
been used to evaluate cohesive failures. Proper assessment of the mode of 
failure for the adhesive interface or mixed failures can be made using a Tandem 
Scanning Microscope (TSM) or a Scanning Electron Microscope (SEM) (Scherrer 
et al., 2010). 




A meta-analytical study by Leloup et al. found that there is a linear correlation 
between the failure mode and the mean bond strength; the higher the bond 
strength, the higher the incidence of cohesive failure due to errors in the 
alignment of the specimen along the long axis of the testing machine whereas, 
adhesive failure happens at the weak interface (Leloup et al., 2001). Conversely, 
other studies reported that the micro-shear bond strength tests usually show the 
predominance of adhesive/mixed failures, with few cohesive failures reported 
(Shida et al., 2009). This may be attributed to the fact that the load was correctly 
applied in the micro-shear test; therefore, giving more consistent results than 
those found for the µTBS test.  
1.5.3 Interface morphology and sealing efficiency 
Clinical problems such as micro-leakage and the influx of fluid can be prevented 
by effective adequate sealing and intimate bonding at the tooth-restoration 
interface (Carvalho et al., 2012, Gupta et al., 2017). Microleakage is the 
movement of bacteria, fluids, molecules, and/or ions at the tooth/restoration 
interface/margins. It can lead to several adverse effects, such as recurrent caries, 
higher sensitivity of the restored tooth, and interfacial staining 
(Hashemikamangar et al., 2016, Gupta et al., 2017). Another type of leakage, 
termed as nanoleakage, has also been described as a movement of fluid through 
the bonded dentine interface. It is mainly caused by dentine acid-etching which 
induces oral and dentinal fluid penetration into the hybrid layer (Yang et al., 2015).  
Many factors can influence the fluid interfacial infiltration such as hydrophilicity 
and type of bonding agent as well as its application technique. Nanoleakage is 
the key indicator of a material’s sealing ability and the quality of the hybrid layer 
or dentine/restoration interface, which in turn affects the durability of the 
restoration (Ayar et al., 2016). 
There are several techniques used for the assessment of the adhesive joint 
between the dentine and the restorative materials, including scanning electron 
microscopy (SEM), transmission electron microscopy (TEM), Raman 
spectroscopy, fluorescence confocal microscopy and two-photon microscopy 
(Griffiths et al., 1999, Watson et al., 2014). Specimen dehydration and special 
preparations are required for SEM evaluation. This makes the use of SEM difficult 
for interfacial dynamic relationship assessment. In dental research, confocal laser 




scanning microscopy (CLSM) has been utilized widely to acquire high-resolution 
optical sections of the dentin/adhesive interface (Watson and Boyde, 1991, 
Watson, 1997, Paulo et al., 2006, Toledano et al., 2014, Toledano et al., 2015b). 
Moreover, confocal microscopy has the advantage of visualization of the 
subsurface interface up to 100 μm with minimal and less destructive sample 
preparation (Jardine et al., 2016).  
Dentine/material sealing ability can be evaluated by different laboratory methods 
including nanoleakage, micro-leakage and micro-permeability. Microleakage 
studies use organic dyes to simulate the passage of fluids between a cavity wall 
and the restorative material applied to it (De Munck et al., 2005). However, this 
method provides a gross assessment of the interface quality and lacks the 
detection of small differences between various materials. To overcome this 
problem, Suppa et al. have examined the nanoleakage through the porosities in 
the hybrid layer using SEM and TEM (Suppa et al., 2005). Silver nitrate is the 
most commonly used staining material for nanoleakage assessment due to its 
extremely small diameter (0.059 nm) which allows easy infiltration of the 
interfacial zone. It is mainly used to verify the discrepancy between the depth of 
the demineralized zone and monomer diffusion, which occurs as a result of the 
presence of water around collagen fibrils. Porosities may result from incomplete 
infiltration of the primer and resin into the demineralised dentine, and/or from 
shrinkage during polymerization.   
For three decades, labelling dental adhesives with the traditional fluorescent dyes 
like rhodamine and fluorescein has been used in-vitro for ultra-morphological 
assessment of the tooth-adhesive interface (Watson et al., 2000, Toledano et al., 
2013). This can be done by simple mixing of fluorescein or rhodamine with the 
fluid resin with no covalent bond formed between them or they may also be added 
during the manufacturing process (Watson and Boyde, 1991). When the 
polymerisation of the adhesive occurs, the dye molecules become entrapped in 
the polymer network and label it. 
Another type of interfacial study technique for assessing the diffusion of the 
fluorophore from the pulp chamber into adhesive the interface is called micro-
permeability. Using this method, the permeation of a fluorescent dye towards the 
bonded interface reflects the intimacy of the hybrid layer to the bonded interface. 




In addition, the tubule-sealing abilities of the bonding systems can be evaluated 
by the diffusion of fluorescent molecules into microporosities from the pulpal 
direction. Using conventional light microscopy, these dyes have been also used 
to assess the cavosurface margin integrity of a restoration (microleakage) to 
external fluids (Paulo et al., 2006).  
Fluorescent labelling of the restorative materials or bonding agents allows the 
study of the relation between these materials and dentine. It is essential for 
understanding the nature and dynamics of this interface. However, the 
introduction of the fluorophore within these chemical systems may adversely 
affect the polymerization process by reducing the monomer conversion or by 
inhibiting the light from reaching the photo-initiators (Paulo et al., 2006). In a 
previous study, using confocal/two-photon microscopy, combination of 
fluorescent dyes was initially tested then applied providing enough separation 
between the excitation and emission wavelength of the two used dyes. 
Fluorescein powder was mixed with the material in combination with a 0.25% 
rhodamine-B solution for micro-permeability assessments (Paulo et al., 2006, 
Watson et al., 2014).  





1.6 Optics and biophotonics in dental research 
1.6.1 General optical properties 
Currently a great interest is being directed towards the application of optical 
techniques for medical imaging, diagnosis, therapy and surgery (Baldwin, 2012). 
It was inspired by the introduction of novel lasers, growing improvement of fibre-
optic techniques and other associated technologies. Ongoing investigations in 
the medical field have led to progression and expansion of studying the optical 
properties of different biological tissues.  
Medical optics are mainly based on the mechanism of light interaction with 
biological tissues and spatial distribution of light in the target tissue (Lutskaya et 
al., 2012). These interactions can be classified into two levels: the “geometrical 
optics” which deals with the light interaction when directed to the surface or larger 
objects such as reflection and refraction. On the other hand, “physical optics” is 
the second type that deals with the matter at the molecular level interaction that 
will be discussed in this section. 
In physics, electromagnetic wave represents electric and magnetic fields that 
simultaneously oscillate in planes mutually perpendicular to each other and to the 
direction of propagation through space as shown in Fig.1-12. It is characterised 
by its frequency, wavelength, amplitude and speed. 





Figure 1-10. Graphical representation of electromagnetic wave propagating in free 
space 
 
Frequency is the number of complete cycles of oscillation per second, expressed 
in s–1 = Hz (hertz), while the wavelength (λ) is the distance between two 
consecutive peaks or troughs in a wave. The relation between the wavelength 
and the frequency can determine the speed of electromagnetic wave. 
Electromagnetic radiation is viewed as a stream of particles called photons (i.e. 
quanta‖). Each photon has the energy proportional to the frequency of the 
electromagnetic wave. 
The term light represents part of the electromagnetic spectrum with wavelengths 
ranged from 1 mm to 80 nm (optical wavelength region). The electromagnetic 
spectrum reflects the distribution of electromagnetic radiation according to 
wavelengths and photon energies including the infrared (>700 nm), the visible 
(blue, yellow and red from 400-700), and the ultraviolet radiation (<400) as shown 
in Fig.1-13. Light can interact with matter in three ways: absorption, transmission, 
and reflection.  
• Scattering of light 
Light scattering, along with the reflection and absorption, is one of the most 
important physical processes that determine the visual perception of most 
objects. Scattering is the deflection of a light beam from a straight path in different 
directions that highly affects the light propagation in biological tissues. When the 
scattered light has the same wavelength as the incident light, this type of 




scattering is called elastic scattering or “Rayleigh scattering” (Sathyanarayana 
2005). Non-elastic scattering or “Raman scattering” happens when a small 
proportion of the incident photons are scattered with an increase or decrease in 
their energy as shown in Fig. 1-14. 
 
Figure 1-11. The electromagnetic spectrum Wavelengths of interest in this paper are the 
visible light spectrum from 400 nm to 700 nm and the range of near-infrared light from 
750 nm to 1500 nm. 
 
Figure 1-12. Jablonski diagram illustrating important optical transitions occur in a 
scattering/absorbing/fluorescent molecule. http://www.bodyyouknow.org/raman-




spectroscopy (a) In single-photon fluorescence, the photon energy is fully absorbed by 
the fluorophore and re-emitted with different energy and wavelength. (b) Multiphoton 
excitation requires two-photon with half energy of excitation wavelength to induce 
fluorescence. (c) Rayleigh (elastic) scattering happens when an incident photon 
scattered with the same energy but in different direction. (d) Raman (inelastic scattering); 
it can be either stoke shift in which the incident photon is scattered with reduced energy 
and longer wavelength, while the other type of inelastic scattering is called anti-stokes 
shift where the energy of the scattered photon is increased while the wavelength is 
decreased. 
• Fluorescence  
Fluorescence is the absorption of light with a specific wavelength by a substance 
and its emission at the same time with a longer wavelength. Such a substance 
emits more visible light than it receives, making it appear brighter than a non-
fluorescent substance. The physical principle behind the fluorescence can be 
explained when an electron absorbs some type of energy and got excited to a 
higher quantum level then it loses its energy as photons and the electron relaxed 
back to a lower quantum level “ground state”(Goldys, 2009), re-emitting the 
absorbed energy into the surrounding medium through radiative (fluorescence 
and phosphorescence) and non-radiative (heat) forms of decay. Therefore, the 
emitted photons have lower energy than incident light energy but with longer 
wavelength (Masters and So, 2008). 
• Fluorophores 
Fluorescent molecules are called “fluorophores”, which have specific excitation 
and emission wavelengths or spectra. When fluorophores get excited, the ratio 
of emitted photons is characteristics for each fluorophore which is described as 
quantum yield. In addition, fluorescence lifetime is also characteristic for each 
fluorophore which allowed differentiation between fluorophores. Each fluorophore 








Table 1-6. Optical characteristic features of fluorophores (Learmonth et al., 2009, 
Karlsson, 2010): 
Fluorophore characteristic features Definition 
Excitation and emission spectra Specific energy required by the molecule 
to be able to fluoresce. 
Quantum yield energy Ratio of the emitted/ absorbed photons, 
measures quantitively the emission 
efficiency 
Fluorescence life-time The time required by excited fluorescent 
molecules prior to their return to the 
ground state. 
 
Fluorophores can be intrinsic or extrinsic in nature. Some organic molecules are 
capable to fluoresce under certain excitation wavelengths, they are called 
intrinsic fluorophores. This process is described as autofluorescence (AF) or 
natural fluorescence which originates from a range of molecules that could be 
either metabolites within the cell or extra-cellular structural components. The 
most common sources of auto-fluorescence are listed in Table 1-7 (Knight and 
Billinton, 2001). However, the nature of auto-ﬂuorescence in human dentine is 
still not clear (Matsumoto et al., 2000). 
Table 1-7. Common sources of Auto-fluorescence (Knight and Billinton, 2001). 




Flavin 380-490 520-560 
Nicotinamide adenine dinucleotide 
(NADH and NADPH) 
360-390 440-470 
Lipofuscin 360-490 430-670 
Advanced glycation end products 
(AGEs) 
320-370 385-450 
Elastin and collagen 440-480 470-520 
Lignin 488 530 
Chlorophyll 488 685 
 




Although the auto-fluorescence behaviour of the molecule is beneficial when 
coupled with other stain-free imaging techniques such as fluorescence lifetime 
imaging (FLIM) and second harmonic generation (SHG), it can be considered as 
a source of background noise when examined specimens are labelled with 
extrinsic fluorophore. However, stain-free imaging allows studying of living 
tissues with minimal intervention, depending on the characteristic behaviour of 
their intrinsic components under optical excitation. 
 
1.6.2 Biophotonics in Dentistry 
• Fluorescence in dental tissues 
As to the fluorescence of human teeth, two phenomena should be individually 
considered. Firstly, the fluorescent emission by ambient UV light is helpful for a 
satisfactory aesthetic restoration of teeth. Second, the fluorescent emission by a 
specific wavelength artificial light, such as a laser that varies by the excitation 
wavelength (Hermanson et al., 2008, Zhang et al., 2011). The latter phenomenon 
is used for the detection of dental caries and the identification of dental/ 
restorative materials interface which will be discussed in the following 
paragraphs.  
Regarding dental tissues, AF detection has been an area of research in the past 
decades aimed to understand the fluorescence behaviour of sound and carious 
tooth tissues and to identify the origin of this natural fluorescence. Benedict et al. 
reported that enamel and dentine can fluoresce when they excited with UV light. 
Since then, many researchers have studied fluorescence (Benedict, 1928). 
Hoerman and Mancewicz et al. (1964) indicated that the phosphorescence of 
calcified tissues is originated mainly from organic content and the relative 
fluorescence intensity of enamel is 1/3 of that observed in dentine. However, a 
study by Armstrong, reported that the fluorescence of dentine is likely derived 
from inorganic complexes with some organic compounds or molecules attached 
to the inorganic compounds (Armstrong, 1963). 
If it were purely inorganic, one would expect to see healthy dentine and hyper-
mineralised dentine fluorescing brighter and stronger than carious demineralised 
dentine (Banerjee and Boyde, 1998). Therefore, assuming that the fluorophore is 
organic in nature, the source of AF in carious dentine might be due to exogenous 




fluorescent molecules which has been supported by the progressive 
enhancement of AF with the lesion progress and further destruction of dentine 
(Banerjee and Boyde, 1998). The ECMs of living tissues contribute to auto-
fluorescence emissions due to the highly intrinsic quantum yield of collagen 
and elastin (Georgakoudi et al., 2002). 
van der Veen and ten Bosch were the first to report AF induced by dentine 
demineralisation using the confocal laser scanning microscopy (CLSM) 
imaging of sound and in-vitro demineralized, non-carious human root dentine 
(Veen and Bosch, 1995). They indicated that dentine intrafibrillar and/or 
extrafibrillar apatite exhibits fluorescence quenching capability through 
inhibiting the electronic excitability of collagen in its excited state. Thereby, 
removal of the apatite from the mineralized collagen may result in amplified 
auto-fluorescence of the demineralized collagen matrix (Veen and Bosch, 
1995, Zhou et al., 2016). 
In the in-vitro demineralised dentine studies, it was noticed that AF intensity have 
shown two opposite observations. Banerjee and colleagues have further 
extended the use of AF generated by demineralized dentine as an adjunctive 
marker for carious tissues detection and monitoring their progression with 
CLSM. They found an enhanced AF signal intensity within the demineralised 
dentine, supporting the claim that chromophores responsible for the AF signal 
should be organic in nature. When carious dentine was excited at 488 nm, 
emission intensity was found to be 2.44 times greater than that of sound 
dentine, while the intensity of emission peak spectrum was red-shifted from 
545–556 nm (Banerjee et al., 2010a). 
With the demineralisation process, the unavoidable shrinkage of dentine tissue 
will enhance the genuine AF. However, this shrinkage can be reduced when 
carious dentine is embedded in polymethylmethacrylates (PMMA), thereby, 
strong AF is generated (Banerjee and Boyde, 1998). In addition, dequenching or 
concentrated chromophores may result with the dentine demineralisation. The 
nature of AF in carious dentine is dependent on the excitation wavelength used. 
If blue light is employed, green fluorescence will result which is attributed to the 
breakdown of the structural protein. Non-dental studies also indicated that the 
increase in AF intensity may be related to modification/reductions in collagen 
crosslinks (Chai et al., 2011, Lutz et al., 2012).  




A recent study reported an increase in AF of the demineralized dentine without 
adhesive infiltration compared to mineralized dentine (Zhou et al., 2016), 
confirming the conclusions from previous work  (Banerjee et al., 2010a, 
Almahdy et al., 2012).  
Dentine fluoresces more brilliantly than enamel and this is assumed to be due to 
tryptophan and hydroxypyridimium which have emission peaks at 350 and 
400 nm, respectively (Hoerman and Mancewicz, 1964b, Foreman, 1980b). 
Another study showed an emission peak of the human dentine at 450 nm rather 
than 350–400 nm (Fukushima et al., 1987). Regardless of the controversy of the 
AF origin in dental tissues, all these studies confirmed that it is an intrinsic 
fluorophore which is influenced by the health and integrity of the dental tissues. 
To explain these controversy, some authors suggested that AF of human dentine 
originates from multiple fluorophores such as collagen cross-liking and 
hydroxyapatite–pyridinoline complex and can be used as a reliable indicator for 
the health and integrity of the dental tissues (Fukushima et al., 1987, Fujimoto 
and Adachi-Usami, 1988). 
As has been investigated, the loss of mineral from the enamel and dentine is 
likely to modify most of the optical properties of teeth, such as scattering, 
reflection, absorption, and fluorescence. Therefore, when dental tissues are 
affected by caries, one can expect changes in both the organic and inorganic 
components of dentine. Hence, the fluorescence behaviour of dental tissues will 
be affected. Higher fluorescence intensity was observed with blue-green 
excitation in carious dentine which reduced towards sound dentine and was 
referred to the structural protein degradation by bacteria or certain proteases 
(Terrer et al., 2016). It has been also reported a shift of the carious dentine 
spectrum towards longer wavelengths due to accumulation of different 
fluorophores. These molecules might be the advance glycation end products 
known to be produced by the Maillard reaction or porphyrins (Slimani et al., 2018). 
Other studies suggested that excitation of carious tissue in the red region allowed 
emission of AF signal due to Protoporphyrin IX (bacterial decomposition by 
product), and other oral bacterial (König et al., 1999). These data agree well with 
the AF results of the two-photon studies presented in this thesis. 




• Two-photon microscopy (2p)  
Optical microscopy has evolved rapidly to become one of the most important 
biomedical research techniques today. Non-linear optical imaging refers to the 
“non-conventional” interaction between light and matter.  This interaction 
happens when the material system responds in a nonlinear manner following the 
excitation with extremely high photon flux, such as a pulsating laser (Boyd and 
Masters, 2008). In the non-linear 2p microscopy, the fluorophores are excited 
only when simultaneous absorption of the two consequent photons which 
promote the transition of their energy to an excited state. In this technique, an 
intense laser with a double excitation wavelength is required for the fluorophore 
emission resulting in a non-linear fluorescence (Fig. 1-14b). As the non-linear 
excitation requires an intense high energy, hence, the probability of tow-photon 
absorption under day light or arc lamb is virtually zero (Goppert-Mayer, 1931). 
This only can happen when a high enough number of photons is localised in a 
small volume at the focal plane of the objective lens, hence, photobleaching 
decreased. Two-photon microscopy uses near-infrared femtosecond lasers that 
generate nonlinear optical signals in the visible spectral range such as the 
second-harmonic generation (SHG) and the two-photon excitation fluorescence 
(2PEF) (Loew et al., 2002, Yeh et al., 2002, Zipfel et al., 2003, Brockbank et al., 
2008, He et al., 2017). In confocal microscopy, an aperture positioned in the 
conjugate focal plane of the objective lens is used to minimise the out of focus 
light beams directed to the sample or reflected by it, which further improves the 
image quality (Watson, 1997). However, two-photon microscopy doesn’t require 
a pinhole, and it provides superior three-dimensional optical sectioning as the 
microscopic field is confined to the area irradiated by two consequent photons. 
Thereby, a deeper penetration up to 500 µm can be obtained with lower photo-
toxicity to the specimen. Additionally, a wider separation between the excitation 
and emission spectra was noticed which reduces the background scattering 
(Denk et al., 1990).  
In dental research, 2p was used to observe molecular structure modifications of 
enamel, collagen and dentine degradation during natural or artificial caries 
process (Hall and Girkin, 2004, Kao, 2004a, Lin et al., 2011, Terrer et al., 2016, 
Slimani et al., 2018). They claimed that combining the nonlinear optical signals 
with other stain-free microscopy techniques such as fluorescence lifetime (FLIM) 




and second harmonic generation (SHG) (Lin et al., 2011) provides promising 
novel techniques for caries detection and in studying the tooth tissues with 
minimal interventions.  
• Second harmonic generation  
Second harmonic generation (SHG) is a non-linear process between the light and 
matter. The main organic matrix in dentine is the fibrous collagen, which is known 
to generate an intense second harmonic and AF signal. SHG requires highly 
ordered molecular structures and is allowed only for non-centrosymmetric 
molecules such as collagen type I. It also requires a high intensity laser source 
to generate SHG signals by additional frequency component with double the 
frequency (2ω), half the wavelength, of the excitation light, which is the SHG 
signal. This signal is accompanied with the usual linear component that results in 
Rayleigh scattering (Boyd, 2003). SHG was first used to explore the normal 
structure of dental tissues by Altshuler et al. (1984) who observed the SHG signal 
in sound dentine mainly, and to lesser extent in sound enamel. This led to 
assumption that the origin of these signals in dentine from the collagen fibrils and 
not from the mineral content. Further studies confirmed the role of collagens in 
SHG signals emission (Kim et al., 1999, Kao, 2004b, Chen et al., 2007, Elbaum 
et al., 2007, Cloitre et al., 2013). 
A study by Lutz et al. (2012) reported that when changes occur in the interspace 
of the collagen molecules within a collagen fibril, a variable intensity of the SHG 
might result. Consequently, if the collagen cross-linking reduced, theses 
interspaces increase and enhancement of the SHG signals may follow (Lutz et 
al., 2012). It cannot be excluded that reduced crosslinking might advocate a 
parallel orientation or influence the bipolarity and therefore higher SHG intensity 
generated. 
In a recent study, it has been proven that the SHG/2PEF ratio is a sensitive 
parameter to study the molecular changes of dentine during the caries process 
(Terrer et al., 2016). They noticed that when there was an increase in the 
fluorescence intensity in the infected dentine, the corresponding SHG signals of 
the same infected tissue decreased, which may indicate the destruction of the 
collagen matrix throughout the caries progression. However, this reduction in the 
SHG intensity was varied from one infected tissue to another. The encountered 




slight variations in the SHG signal for the different stages of the infected dentine 
may attributed to the fact that SHG is collected in transmission; hence, the 
recovered intensity might depend on the samples thickness (Slimani et al., 2018). 
Moreover, the structure of collagen protein may change as a result of exposure 
to heat or enzymatic cleavage. Thus, the SHG signals were found to be affected 
as a consequence to these changes (Kim et al., 2000, Lin et al., 2006). Therefore, 
SHG was suggested to study the changes in dentine structure during the caries 
attack or when dentine in contact with applied materials (Lin et al., 2011, Atmeh 
et al., 2012, Terrer et al., 2016, Slimani et al., 2018). 
• Fluorescence lifetime imaging (FLIM) 
Fluorescence lifetime is the time required by electronic excited-state fluorophores 
(nanoseconds) to exponentially (e) decrease their energy (to a more favourable 
ground state) via loss of energy through fluorescence (Berezin and Achilefu, 
2010). It is characterised by fluorescence lifetime τ and is mapped spatially using 
a microscope equipped with a detector capable of high-frequency modulation 
(Lakowicz et al., 1992). It has become widely used for various biological and 
medical diagnoses and a characteristic feature for each specific molecule. 
Fluorescence lifetime helps delineate between two or more compounds having 
similar wavelengths emission. FLIM measurements seek to obtain the 
characteristic lifetime from the fluorescence decay profile. 
AF spectra from dental tissues have been used for caries diagnosis (Thomas et 
al., 2011). However, a precise characterisation of dental tissues can be limited 
when relying on intensity-based measurement techniques. These techniques 
may suffer from fluctuation in laser intensity, concentration of fluorophores, and 
scattering of light. Moreover, dentine and enamel exhibit similar auto-
fluorescence spectral profiles, so they are difficult to be differentiated spectrally. 
In contrast, fluorescence lifetime can distinguish between their spectra and is not 
affected by the laser intensity or fluorophore concentration. It offers also critical 
information on molecular dynamics such as molecular conformation and the 
changes resulted from interaction with other molecules (Lakowicz, 2004). FLIM 
has been widely used in recording different cellular parameters such as ion 
concentration (Hille et al., 2009), pH of the environment (Hanson et al., 2002), 
and oxygen saturation (Gerritsen et al., 1997) and it is directly dependent upon 




excited-state reactions. These unique independent characteristics allowed FLIM 
to be used as an additional distinct microscopic marker and support its integration 
into the family of molecular imaging tools. 
It has been previously reported in AF section that the natural fluorescence 
originated from multiple intrinsic chromophores. This has been confirmed by 
different studies investigated the FLIM in dental tissues (Alfano & Yao 1981, 
König et al. 1993, Matsumoto et al. 1999, (McConnell et al., 2007), Lin et al. 
2011). In these studies, multi-component exponential decay curves could be 
representing a different intrinsic fluorophore (Matsumoto et al., 1999). Although 
most of the results of these studies were consistent; however, they also showed 
some discrepancy regarding the effect of dental caries on FLIM. It has been 
reported that FLIM of carious dentine is longer than that of sound dentine tissues 
(Koenig et al., 1993), while in McConnell et al. (2007) they detected opposite 
results (McConnell et al., 2007). FLIM or (Time-Resolved Fluorescence) may be 
achieved by several methods, depending on the required sensitivity and time 
regions; including steady state (Cominelli et al., 2017) and time-gated (time 
resolved) (Sytsma et al., 2003). A steady-state 
measurement of the fluorescence emission (intensity vs wavelength) gives an a
verage and relative representation. In this method, lifetime imaging is directly 
performed by measuring the fluorescence intensity and averaging its value over 
time to generate a lifetime map of the sample. Using steady state method is 
performed for monitoring the sample’s functional changes as a result of 
environmental factors along with gathering information about its morphology and 
status (Becker et al., 2006). The time-gated method uses a pulsating laser source 
to record a fluorescence decay curve with a high-speed fluorescence detection 
system either using many time gates with equal width or by time gate scanning. 
When several time gates used, lifetimes shorter than hundreds of picoseconds 
are typically difficult to resolve, while the time gate scanning method achieves 
higher temporal resolution at the expense of photon collection efficiency, as the 
narrow gate excludes the majority of the detected photons. This technique 
provides an absolute real time recorded lifetime value for each excited 
fluorophore. Therefore, the intensity of each pixel in the obtained image indicates 
the fluorescence lifetime of the fluorophore instead of its fluorescence intensity 
(Grauw, 1998).  




In contrast to the steady-state method, image contrast was enhanced with the 
time-resolved imaging due to elimination of the background fluorescence. This 
method is able to differentiate between the fluorophores that have similar 
excitation and emission spectra, depending on the difference in their 
fluorescence lifetime. Based on FLIM imaging advantages, it is considered a very 
useful technique for monitoring treatment responses and to delineate healthy 
from pathologic tissues.    
• Raman spectroscopy  
Over the past 20 years, microRaman spectroscopy has introduced an important 
analytical technique, providing effective chemical specificity and spatial resolution 
for analyzing natural and synthetic materials. This spectroscopic technique is 
non-destructive and used to detect the chemical content of tissues, and to 
examine the materials depending on the vibrational energy signatures 
(Fingerprints) and rotational modes of the chemical bonds, which made their 
molecular structure. Diseased tissues are known to cause modifications in 
cellular orientation and biochemical changes in the tissue, these changes cause 
alteration in the vibrational spectra. Hence, the spectrum obtained from diseased 
tissue can be compared to and distinguished from the baseline spectrum of 
normal tissue (Wachsmann-Hogiu et al., 2009, Ramakrishnaiah et al., 2015).  
In this technique, a monochromatic laser beam source used to illuminate the 
material through an objective lens. When the excitation photons of the illuminating 
beam strike the sample, they get scattered in different direction with the same or 
different energy. Despite most of the interactions between the incident photons 
and the scattering light beam produce Rayleigh spectra, a small proportion of the 
incident photons showed inelastic scattering to produce the Raman spectra as 
shown in Fig. 1-14-d. Raman scattering can be subdivided into Stokes and Anti 
Stokes Raman scattering. Rayleigh scattering occurs when there is no change in 
the amount of energy between the incident photons and the sample molecules, 
in which the scattered photon has the same wavelength as the incident photon. 
In Stokes Raman scattering, the resulting energy of the scattered photon is 
smaller while the wavelength is longer. On the other hand, anti-Stokes Raman 
scattering provided photon with higher energy but with shorter wavelength. These 
changes in the wavelength and energy of the photons is termed “Raman shift”. 




Raman spectroscopy requires no or minimal sample preparation and a rapid, 
non-destructive optical spectrum is easily obtained (Williams and Everall, 1995). 
Spectral charts were then extracted from the generated Raman spectra with the 
use of a charge-coupled device (CCD). These charts contain multiple 
characteristic peaks which they allocated to their wave-number. Each peak in 
these charts indicates a unique vibrational mode in the molecule. These peaks 
represent an intrinsic “molecular fingerprint” of the sample which is known as the 
Raman spectrum. In addition, quantitative information about the structure of the 
examined sample can be drawn from each peak intensity within the volume of 
the scanned area (Penel et al., 1998). As an example, Fig. 1-15 shows sound 
dentine Raman spectra with their characteristic peaks. The allocated bands for 
these peaks are summarised in Table 6. In the dentine spectrum, four main bands 
were observed, representing the fundamental frequency modes v1, v2, v3, v4. 
The sharpest and most prominent band, v1, corresponds to the symmetrical 
stretching of the tetrahedron of oxygen atoms surrounding the phosphorous 
atom. These indicate the presence of crystalline phosphate-based minerals in 
dentine (Ramakrishnaiah et al., 2015).    
Conventionally, micro-Raman intensity map is generated through point-by-point 
serial scanning. This mapping takes a very long acquisition time. A faster 
StreamLine™ scanning technique has recently been introduced (Renishaw Plc, 
Wotton-under-Edge, UK) with an integrated distinctive hardware and software. It 
provides less acquisition times for large, artefact-free images. It is a dynamic 
Raman mapping coupled with line-laser illumination of the sample and CCD 
scanning technologies (Hédoux et al., 2011). Samples can move in a vertical and 
horizontal direction thought he use of motorized synchronised stage. This 
combination makes Raman mapping performance to be 200 times faster than the 
conventional point by point mapping (www.renishaw.com). To date, the use of 
the StreamLine™ scanning technologies have not been reported in the dental 
literature. After Streamline Raman scanning, the imaged area is represented as 
a series of points producing a chemical Raman image. Each point has its own 
Raman spectrum to determine the chemical structure of the sample at that point.   





Figure 1-13. Raman spectra of sound dentine between 100-3100 cm-1 wavenumbers 
showing the featured peaks and the allocated bands for these peaks are summarised in 
Table 1-8. 
Table 1-8. The common Raman peaks and their correlated band assignments found in 
the Raman spectrum of dentine the histological component of each tentative band 
assignment is included; v: vibration mode (Spencer et al., 2000) 
Peaks wavenumber (cm-1) Allocated band and correlated 
histological component 
430 (v2) of PO4-3 (O−P−O bond), 
Hydroxyapatite 
580 (v4) of PO4-3 (O−P−O bond), 
Hydroxyapatite 
855 C-C, organic material 
960 (v1) of PO4-3 (P−O bond), 
Hydroxyapatite 
1070 (v1) of CO3, Hydroxyapatite 
1340 
1666 
Amide III, Protein 
Amide I, Protein 
 
               2950 C-H banding, Organic material 
 




As stated earlier, dental caries is presented by demineralisation of inorganic 
substance (mineral hydroxyapatite crystals) and destruction of the organic 
substance such as collagen. Direct representation of chemical content and 
relatively simple and reliable application of Raman scanning encouraged their 
use in dental research. Several studies used Raman spectroscopy for diagnosing 
and characterising enamel and dentine caries through monitoring the phosphate 
peaks (959 cm-1 v1) which represents the mineral phase of the tooth structure 
(Hewko and Sowa, 2010, Almahdy et al., 2012, Mohanty et al., 2013, Alkheraif, 
2014, Parker et al., 2014, Akkus et al., 2017). It has been also employed to detect 
remineralisation of the dental tissue by assessing the changes in its intensity 
which reflects quantitatively the dynamic mineral changes (Sauer et al., 1994, 
Parker et al., 2014, Milly et al., 2014, Coello et al., 2015).  
Moreover, Raman analysis has widely contributed to chemical composition 
analysis of dental materials to assess chemical changes associated with the 
materials’ setting and maturation, such as calcium silicate cements and GIC and 
the nature of their interaction of the underlying tissues (Martinez‐Ramirez et al., 
2006, Atmeh et al., 2012). Micro-characterization of biomaterials not only helps 
researchers to better understand the interaction of biomaterials with tissues but 
also helps to improve their properties to match the intraoral condition (Seah et 
al., 2009). Hence, knowing the exact composition of the dental materials helps to 
alter and modify their properties. Although Energy-dispersive X-ray spectroscopy 
(EDS) is the most popular technique for elemental analysis or chemical 
characterization of dental materials; EDS requires a long time for specimen 
preparation. Therefore, Raman spectroscopy is the method of choice for accurate 
identiﬁcation of chemical compounds, and their functional group when examining 
enamel or dentine.  
Based on the review of literature, laboratory tests are useful for studying new 
operative techniques and materials prior clinical implementations. However, they 
have to be reproducible, with known parameters, and low variability between 
operators and institutions to provide internationally valid and acceptable results. 
Non-invasive multimodal imaging protocol used in the current study are useful for 
knowing the details of ultramorphological features of the dentin-resin interface 
which may influence the material selection decision in clinical practice. Studying 




the chemical, mechanical and optical properties of the interface between dentine 
and new material is crucially important for anticipating the materials clinical 
suitability. In addition, testing the adhesive and the sealing ability of the new 
material may predict the longevity of a restoration to some extent.  
Nevertheless, there are still clinical trials are needed to provide a conclusive 













Chapter 2. In-vitro optical, chemical and mechanical 
characterisation of different dentine substrates  
2.1. Introduction  
Handling deep carious lesions in close proximity to a vital pulp can be a significant 
challenge to dental practitioners. Traditional management of the carious lesion 
dictated a complete removal of both bacterially contaminated “infected” and 
primarily demineralised “affected” carious dentine, to “restrict” further caries 
progression and to retain a well-mineralised sound dentine surface to receive the 
dental restoration (Thompson et al., 2008). The evolving understanding of the 
dental caries process and the carious lesion histopathology have led to a 
paradigm shift in their clinical management (Ismail et al., 2013). Therefore, based 
on the minimally invasive approach, a complete debridement of the soft caries-
infected layer is recommended when closely overlying the pulp, whilst retaining 
the relatively harder, biologically repairable caries-affected dentine (CAD) to 
which a dental restoration may be bonded (Fusayama, 1972, Ogawa et al., 1983, 
Maltz et al., 2017). This approach aims to repair or restore damaged or defective 
tooth structure to maintain pulp sensibility (vitality), function and aesthetics 
(Banerjee and Watson, 2015). It has been questioned how to determine




accurately the extent of the carious lesion excavation endpoint when managing 
deep carious lesions. The delineation between these layers is essential, both 
clinically and in laboratory investigations, to minimise the unnecessary removal 
of the restorable part of tooth tissue and to enhance its reparative potential 
(Pugach et al., 2009). Such conservative management will additionally save 
patients money and time, by avoiding pulp exposure and further endodontic 
treatment, and will indirectly influence their behaviour towards further dental 
treatment (Schwendicke et al. 2013). In clinical practice, dentists and therapists 
must deal with the caries-affected dentine (CAD) substrate, which may not 
provide the necessary clinical longevity of the tooth-restoration complex (TRC) 
for clinical function (Wang et al., 2007). However, promising long-term outcomes 
have been found following the removal of heavily infected tissues while leaving 
the deepest layer of undisturbed carious dentine (Maltz et al., 2012). 
In the literature, several techniques have been implemented in an attempt to 
delineate the carious zones histology as mentioned in the literature review (1.2.2). 
Caries-infected and affected dentine are substrates which exhibit different 
chemical compositions and morphology. Likewise, artificial carious lesion models 
exhibited a different structure and histology compared to the natural carious 
lesion. Natural carious tissues exhibit more complicated micro-structural damage, 
due to different rates, stages and locations of the caries process (Yang et al., 
2011). To provide more clinically relevant data, it is necessary to investigate 
certain optical and mechanical properties of natural lesions, which can improve 
the understanding of the basic structure of CAD substrates compared to the 
partially demineralised dentine.  
In the present study, a simple demineralisation protocol using 37% phosphoric 
acid gel etching for 60 seconds was used, as it is the commonly used acid-
etching agent in clinical dentistry. This protocol has provided a partially 
demineralised dentine model (Cao. et al., 2013). Thus, modified optical features 
could be expected as a result of mineral loss and collagen exposure by the acid 
demineralisation, compared to the natural lesion.  
Minimally invasive caries management dictates quantitative techniques which 
can detect the carious lesion at an early stage and to differentiate between the 
carious dentine histology. Therefore, caries diagnosis may improve when 




traditional methods are combined with more sensitive methods, which also help 
the clinician to monitor non-operative care. The use of light has been reported in 
the literature for the clinical caries detection (Alfano et al., 1984, Stookey et al., 
1999, Karlsson, 2010, Rechmann et al., 2012). There are several optical 
techniques that have been used for the clinical carious tissue detection such as: 
• Optical coherence tomography (OCT) (Shimada et al., 2015). 
• Laser-induced fluorescence (LF) (F Shakibaie et.al, 2011, L Liu - 2014) 
• Fibre-optic trans-illumination (FOTI) (ML Laitala et. al, 2017) 
• Quantitative light-induced fluorescence (QLF) (Pontes LRA et. al, 2017).    
 
Moreover, laboratory evaluation methods have been used to characterise and 
monitor changes during the caries process using different techniques such as:  
• Atomic force microscopy (AFM) (Marshall et al., 2004) 
• X-ray diffraction (XRD) (Kinney et al., 2001) 
• Fourier transform infrared spectroscopy (FTIR) (Almhöjd et al., 2014) 
• Raman spectroscopy (Almahdy et al., 2012, Toledano et al., 2017). 
• Two-photon microscopy (2-photon) (Lin et al., 2011, Almahdy et al., 2012) 
that was selected for dentine assessment in this study. 
Two-photon microscopy, with a non-linear illumination source at near-infrared 
(NIR) wavelengths, can provide deep sample imaging with high resolution, less 
scattering and optically thin sample sectioning (Abraham et al., 2010, Terrer et 
al., 2016). It can also provide useful information about a specimen’s structure and 
its optical properties by creating a simultaneous image based on their natural 
fluorescence signatures (two-photon autofluorescence, 2p AF) and the coherent 
non-linear phenomenon of second harmonic generation (SHG). Many authors 
have used it to study and characterise the dentine and their interactions with 
different restorative materials (D Alpino et al., 2006, Sauro et al., 2009, Atmeh et 
al., 2012, Crosignani et al., 2012, Atmeh et al., 2015) or caries characterisation 
(Kao, 2004, Hall and Girkin, 2004, Lin et al. 2010, Terrer et al., 2016).  




Despite multiple possible origins of AF, it has been proposed as a microscopic 
marker in caries studies, although the nature of the AF is still unknown (Banerjee 
and Boyde, 1998, Matsumoto et al., 2000, Almahdy et al., 2012). Several studies 
confirmed that collagen is the source of SHG signals in dental tissues (Kim et al., 
2000, Chen et al., 2007, Lin et al., 2011). When collagen destruction or 
modification by acids takes place, it is expected that a change in these signals 
such as a decrease in their intensity in caries samples would be observed (Kao, 
2004). Intensity might be influenced by many factors including laser fluctuation, 
scattering and fluorophore concentrations (Lin et al., 2011). Therefore, more 
reliable measures should accompany these measurements to confirm the results, 
such as fluorescence lifetime imaging (FLIM) and spectroscopy imaging. As 
reported earlier in the review section (1.6.2), FLIM can be affected by pH and 
oxygen ion concentrations. It can detect structural changes in dental tissues such 
as caries or mineralisation (Webb et al., 2002; Lin et al., 2011). 
Moreover, a spectrometer was connected to the two-photon microscope to 
analyse and compare spectral signals obtained from representative samples at 
the same time as their intensity recording. This technique acquires point by point 
measurements with accessibility to all examined tissues, using simple analysis. 
Additionally, for chemical characterisation, Micro-Raman spectroscopy was used, 
a quantitative chemical assessment methodology to detect the chemical content 
of tissues through their characteristic molecular vibrational energy signatures of 
the Raman phosphate peak at 959cm-1 was used to assess the degree of 
demineralisation in carious/demineralised dentine compared to sound tissues 
(Wachsmann-Hogiu et al., 2009, Almahdy et al., 2012, Ramakrishnaiah et al., 
2015). These measurements were further correlated with the “gold standard” 
Knoop hardness measurements (KHN), as an indirect indicator of mineral and 









1- To compare the difference in optical, mechanical and chemical properties of 
sound dentine vs. partially demineralised dentine and natural caries before 
and after storage in phosphate buffered saline solution (PBS).  
2- The results obtained were used as a control data for future comparison of the 
same properties, after storage with various restorative materials in the 
following chapters.  
Objectives: 
The following analytical techniques were applied in this study: two-photon AF, 
SHG, FLIM and spectroscopy, correlated with tissue hardness measurement 
(KHN) of the same points within the samples. These measurements were 
followed by Raman spectroscopic imaging and mineral peak intensity 
measurements.  
Null hypotheses were that:  
1- The measured optical and mechanical properties would be similar between 
the examined dentine substrates and against the sound control group before 
storage. 
2- No difference in the measured properties between substrates after PBS 
storage. 




2.2. Materials and methods  
2.2.1. Demineralised dentine sample preparation  
Ten extracted sound molar teeth were collected under an ethics protocol 
(Reference 16/SW/0220, see appendix), stored in a refrigerated distilled water 
within four weeks post-extraction. Roots were sectioned using a water-cooled 
diamond wafering blade (Benetec Limited, London, UK) at a slow speed (330 
RPM) using a hard tissue microtome (Isomet 1000, Buehler, Lake Bluff, IL, USA), 
just below the cemento-enamel junction to create a horizontal reference. Each 
tooth was mesio-distally sectioned into two 2mm thick flat dentine slices. Samples 
were then polished using 600-grit carborundum paper under running water. A 
reference point was prepared using diamond bur (Diaswiss Diamond Bur FG 
#008 Super Fine Grit Cylinder Shape PK/6) to facilitate marking a starting point 
of imaging as elucidated in Fig. 2-1. Another longitudinal reference line was made 
using a surgical blade in the middle of dentine surface yielding two dentine 
segments. The right half including the reference point (around 4 mm-widths) was 
used as an internal sound control with no treatment of the dentine surface and 
then covered using yellow vinyl tape (1231-8767, Fisher scientific, Laboratory 
equipment supplier in Loughborough, England). The other half (4mm-width) was 
partially demineralised using 37% phosphoric acid etchant gel for 60 seconds 
(Cao et al., 2013). 




After demineralisation, all samples were rinsed with deionised water and 
ultrasonicated for 5 minutes.  
 
Figure 2-1.  Characterisation before materials application; (1) 10 extracted sound teeth 
divided into two halves with a right-angle reference point. (2) Right portion of dentine (S; 
sound) was covered using yellow vinyl tape leaving the other half window (4mm) for 
dentine demineralisation (D; demineralised). Demineralisation was carried out using an 
acid etching protocol with 37% phosphoric acid for 60 seconds. (3) Then, evaluation of 
the demineralisation protocol was made by assessing changes in SHG and AF intensity 
and spectra, and changes in the fluorescence life time using two-photon microscope. It 
was followed by Knoop hardness number (KHN) evaluation and by using Raman 
spectroscopy to assess changes in mineral peak. 
2.2.2. Measurement of dentine demineralisation depth  
Acid etching with 37% phosphoric acid gel for 60 seconds was used in this study 
to partially remove the minerals from the superficial dentine surface, to create a 
dentine demineralisation model (Cao et al., 2013). A selected scanning area 
(2500x2284 µm) was focused with 250 µm inter-spectrum distance, along the 
axis parallel to enamel-dentine junction (EDJ), and 2.7 µm along the axis 
perpendicular to EDJ. The demineralisation depth of the created lesions was 
measured on the cross-sectioned surface of dentine samples. Grey-scale image 
was obtained, and a depth profile was extracted from this image using Image J 
software analysis (ImageJ, Wayne Rasband, NIH, USA), to measure the changes 
in the Raman phosphate peak intensity (960 cm-1) from the top surface of the 
created lesion compared to the deeper sound dentine (internal control) of the 
same sample (Fig.2-5) (Milly et al., 2014). A schematic diagram showing the 
direction of the scan and depth measurement is shown in Fig 2-2.  





Figure 2-2. Schematic diagram of the cross-sectional view of the demineralised dentine 
model (red surface), (top surface is the blue region), previously etched with 37% 
phosphoric acid etchant gel for 60 seconds. The diagram shows the direction of the 
Raman scan from the top surface (including the air) towards the deeper dentine of the 
same sample. Average of six points were selected on the grey scale image obtained 
after Raman imaging, depth profile was plotted to measure the depth of the 
demineralisation from the top surface reaching the sound dentine within the same 
sample. 
 
2.2.3. Characterisation of sound and demineralised dentine 
• Optical assessment; (SHG, AF and FLIM) and spectroscopy 
Following sample preparation and sonication, immediate imaging of the samples 
commenced by recording six points in both sound and demineralised area of 
dentine with 500µm inter-points distances, using an in-house built two-photon 
microscope for quantitative imaging of natural AF, SHG intensity (256 x 256 
pixels) with FLIM and spectrum recording at the same time. Before imaging, the 
laser power was measured to standardise the setting throughout the whole 
experiment using an automated power meter connected to the microscope 
(PM30, Thorlabs GmbH, Germany). This measured the power at the sample 
surface to eliminate any effect of laser intensity fluctuation. The sample was then 
placed on a cover slip and the reference point was located. The lower edge of 
the dentine slice was aligned parallel to the edge of the cover slip as a horizontal 
reference. A 20x 0.75 NA air objective lens was used with 854 nm excitation 
wavelength, a 550 ± 20 nm emission filter for AF and 427±10 nm for SHG and 16 
mW laser power. A fibre-optic spectrometer (AvaSpec-ULS2048L, Avantes Ltd, 
Netherlands) was installed within the same microscope apparatus and used to 




obtain spectra for both AF and SHG from each point on the imaging line ranging 
from (400-700 nm).   
• Mechanical assessment; Knoop hardness number (KHN) 
Following imaging, the tissue hardness of the previously imaged points was 
measured directly using a Struers Duramin (Struers Ltd., Denmark) 
microhardness tester. A 10-g load was used for 15 s to produce a diamond-
shaped indentation that was assessed using a 40× 0.65 NA objective. 
Manufacturer’s software was used to calculate the KHN for each point in both the 
sound and demineralised surfaces. 
• Chemical assessment; Raman spectroscopy 
To evaluate differences in phosphate mineral peaks between sound and 
demineralised dentine, a Renishaw in Via Raman microscope (Renishaw Plc, 
Wotton-under-Edge, UK) running in StreamlineTM scanning mode was used. A 
20x 0.40 NA air objective   was used to focus samples and to create a live video 
montage image. This facilitated selection of the scanning area (800x7800 µm) 
including sound and demineralised dentine, starting from the marked reference 
point. A demarcated line in between was drawn using a sharp scalpel, with 50 
µm distance in width (x-axis) and a 2.7 µm (y-axis) resolution across the interface. 
A 785 nm diode laser (100% laser power) was used and Raman signal was 
acquired using a 600-diffraction grating cantered at 960 cm-1, and a 2 seconds 
CCD exposure time. After scanning was completed, images were uploaded into 
an in-house program designed for curve fitting and then generate grey-scale 
images together with depth profiles of phosphate peak intensity at 959 cm-1 (PO4-
3(ν1)) across sound and demineralised areas as shown in Fig. 2-3. Image J 
software (ImageJ, Maryland, USA) was used to process the obtained image 
which represented the peak height. Peak height intensity was calculated, and a 
ratio was then averaged for both sound and demineralised dentine separately. 
 
 





Figure 2-3. Schematic diagram of the tested model and a representative grey-scale 
image of Raman phosphate peak intensity at 959 cm-1 of sound and demineralised with 
the marked reference point (RP, red arrow). The scan directed from the sound dentine 
surface towards the demineralised surface with the demarcated line (previously marked 
by the surgical blade), to separate the two dentine areas. 
2.2.4. Carious dentine tissue characterisation  
Specimen preparations 
Fifteen extracted human teeth with deep carious lesions (extending halfway 
through the dentine) that were selected after hemi-sectioning through the centre 
of the lesion, with no pulp exposure, were collected using an ethics approved by 
NHS Health Research Authority (Reference 16/SW/0220), stored in a refrigerated 
distilled water within four weeks post-extraction. Roots of all the teeth were 
sectioned just below the cemento-enamel junction to be used later as a horizontal 
reference for imaging. Each tooth was then hemi-sectioned longitudinally through 
a carious lesion into two halves using a slow-speed (300 rpm) water-cooled 
diamond wafering blade XL 12205, (Benetec Ltd, London, UK). Buccal and 
palatal surfaces were also sectioned to obtain a flat dentine surface. Teeth were 
selected based on caries criteria of a suitable carious dentine surrounded by a 
healthy sound tissue, not extending to the pulp. A reference point was prepared 
perpendicular to the dentine edge on both halves, using a flat diamond bur 
(Diaswiss Diamond Bur FG #008 Super Fine Grit Cylinder Shape PK/6) for 
accurate interval measurements and data 




recording starting from this reference point. Scaled scanned clinical photographs 
of each tooth half were used for these measurements (Fig. 2-4). All samples were 
labelled and stored in separate glass vials containing distilled water before 
material application. 
Two photon microscopy and spectroscopy (AF, SHG intensity and 
spectrum and FLIM imaging) and analysis  
An in-house two-photon microscope with similar operating parameters and 
sample positioning as used in the previous section was utilised for recording AF, 
SHG, FLIM and spectrum. Following sectioning, samples were rinsed and ultra-
sonicated for 3 mins with deionised water. Based on a previously printed scaled 
photograph of the lesion, X and Y position from the reference angle were located 
and saved. Then, regular intervals about 500 µm in distance at Y position toward 
the pulp were recorded in sound dentine. Another line across the carious dentine 
zones with a measured distance from the reference angle was also imaged. This 
gave a data of approximately 11-14 points across both sound and carious dentine 
zones from each dentine half as presented in Fig.2-4. Samples were evaluated 
using a two-photon microscope with a 20x 0.75 NA air objective lens, 854 nm 
excitation wavelength and 550 ± 20 nm emission filter. From each point 
measurement, a fluorescence and SHG intensity image with 256 x 256 pixels 
image format was recorded using a photomultiplier tube and a TCSPC counting 
card (HPM-100-40 hybrid detector and SPC-150 card, Becker & Hickl GmbH, 
Germany). AF and SHG intensity of each image were calculated for each point 
and allocated to different tissue types (caries infected, affected, and sound) 
based on the current reference KHN of these tissues. This calculation was 
assisted by using Image J analysis software (ImageJ, Wayne Rasband, NIH, 
USA). The intensity values were averaged for each tissue type in each group and 
these values were then calculated and plotted. Using FLIM, images of the same 
points, 256 x 256 pixels each, were obtained for each sample at the same time 
as intensity was recorded. Using TRI2 FLIM analysis software (courtesy of Paul 
Barber, Grey Cancer Institute, Oxford), the fluorescence decay curves were fitted 
using a bi-exponential model and the average lifetime was calculated for each 
image and averaged for each tissue layer in each experimental group and further 
were displayed as a bar graph. Representative AF and SHG signals spectra were 




also recorded and transmitted to a fibre-optic spectrometer (AvaSpec-ULS2048L, 
Avantes Ltd, Netherlands) installed within the microscope apparatus. They were 
displayed as a spectrum shown in Fig. 2-9. The range of wavelengths used was 
from 400-700 nm and SHG was detected at 427 nm and AF at 550 nm.  
 
 
Figure 2-4. Scaled calibrated scanned macro-photograph of the carious lesion 
representing the applied techniques for measurement including 2p characterisation (AF, 
SHG, FLIM and spectrum) and tissue hardness measurement. 






The KHN of previously imaged points was measured through a 40x 0.65 NA 
objective and recorded using Struers Duramin microhardness tester (Struers Ltd., 
Denmark) which was calculated using the manufacturer’s software. A force of 10 
g for 15 seconds was used to produce diamond shaped indentations in previously 
located positions. After that, the collected data from two-photon imaging were 
allocated to the hardness number of each recorded point which represents 
different tissue zones. When Knoop hardness number (KHN) was <25, the tissue 
was considered caries-infected dentine (CID), while caries-affected dentine had 
KHN ranging from 25 to 40 and the sound dentine KHN >40 (Ogawa et al., 1983, 
Banerjee et al., 2010). After all measurements were made, the samples were 
cleaned with deionised water and then stored in PBS solution (Oxoid Limited, 
Hampshire, UK) at 37˚C for four weeks. A cross-sectional cut was then made 
through the imaged surface based on the recorded reference point and re-
imaging of the same points were performed to compare changes of these 
properties after storage. The following formula was used to calculate the 
percentage changes between before and after storage data:  
 
(Xa− Xb) / Xb) × 100%, 
Where Xa is the value after storage, Xb is the initial value before storage. 
2.2.5 Statistical analysis 
Descriptive statistics were used to summarise the outcome measure for each 
technique separately. The normality of the outcome was checked using 
Kolmogorov-Smirnov and Shapiro Wilk’s test. Since the outcome was not normal, 
the values were log transformed and the transformed data were used for the 
analyses as presented in the appendix C. A one-way ANOVA test was used to 
compare significant differences between dentine substrates for each method 
before and after samples storage performed using IBM SPSS Statics Viewer 21 
Software (IBM United Kingdom limited, UK). Then, post-hoc Tukey’s test was 
used to differentiate between any two tissue types. An independent t-test was 
also performed to compare Raman peak intensity before storage between sound 
and demineralised dentine surfaces only. No statistical analysis was performed 
on the two-photon spectroscopy results, as the spectrometer was changed many 




times during the experiment, resulting in non-comparable values between the set 
of samples. Only representative samples of both caries and demineralised model 
were used to present a spectra plot showing the difference between the caries 
zones, demineralised and sound dentine. 





2.3.1. Depth of dentine demineralisation 
Analysis of the Raman scan images showed a lower mineral peak intensity in 
demineralised lesions. It was represented by a gradual increase in intensity 
(ranging from 3000-5000 a.u.) from the demineralised lesion towards the sound 
dentine within the same samples, when interpreting the depth profile plot of 
phosphate peak intensity. The average depth of the six points measured on the 
cross-section sample (Fig. 2-3) is extended approximately between 500-600μm 
(Fig. 2-5).  
  





Figure 2-5. Representative depth-profile plots were obtained from the grey scale image 
of the demineralised lesion and the internal sound controls within the same sample, using 
Image J software analysis (ImageJ, Wayne Rasband, NIH, USA). It showed the gradual 
increase in the phosphate peak intensity from the demineralised area towards the sound 
dentine (ranging from 3000-5000 a.u.). Average demineralisation depth was calculated 









2.3.2. Characterisation of sound, demineralised and carious (infected and 
affected) dentine before storage  
Representative images of the various optical parameters in different dentine 
substrates are shown in Fig. 2-6. The differentiation between the intensity of 
different carious dentine zones were verified based on the reference KHN of each 
tissue. The infected tissues showed the highest AF intensity which was observed 
as the brightest image compared to other groups, whilst SHG image was the 
brightest with the demineralised substrate. FLIM images change in colour from 
blue to red; as the blue colour represents the short lifetime, while the red colour 
indicated the longer lifetime. Therefore, the infected tissues were blue in colour 
and it changes gradually into reddish colour with the sound tissues (see Fig. 2-
6). 
AF of the infected tissues was the highest in intensity (50 a.u.± 4.6 (standard 
error)), compared to other substrates and reduced significantly (p=0.001) towards 
sound tissues (18.4 a.u. ± 0.7) as shown in Fig. 2-7. AF of the demineralised 
dentine was lower significantly (17.7a.u. ± 1.3) than the affected dentine (31.3 
a.u. ± 3.2) (p= 0.008), but not significantly lower than the sound dentine (18.4a.u. 
±0.7) (p=0.87). SHG of demineralised tissue (92 a.u. ± 4) was the highest among 
all groups (p=0.001). FLIM images showed a gradual increase in lifetime from 
infected (1.2 ns ± 0.05) towards sound dentine (1.7 ns ± 0.01) with no significant 
difference between affected and demineralised group (1.5 ns ± 0.03, 1.55 ns 
±0.02 respectively). 





Figure 2-6.  Representative 2-photon images of Autofluorescence (AF), Second 
harmonic 0generation (SHG), and fluorescence life time imaging (FLIM) were shown for 
each dentine substrate (infected, affected, demineralised and sound) used in this study. 
AF image was the brightest with the highest intensity value in the infected dentine. SHG 
image in the demineralised group was the brightest and with the highest intensity among 
other groups. FLIM images are gradually changing in colour from tissue to another; as 
the blue colour represent the infected dentine that have the shortest lifetime, with more 




greenish colour in the affected and demineralised dentine and getting gradually more 
reddish in the sound dentine with the longest life time values. 
 
 
Figure 2-7. Representative histograms presenting the difference between dentine 
substrates in each measured parameter separately. Error bars depict standard errors of 
means (SE). (*) indicates significant difference between dentine substrates. AF of the 
infected tissues recorded the highest intensity mean and reduced towards the sound 
dentine. In SHG histogram, the highest intensity belongs to the demineralised tissues 
and the least in the infected tissues. Hardness was the least in infected tissues followed 
by the demineralised then affected dentine. FLIM showed gradual increase in lifetime 
from infected towards sound tissues. 
  





• Chemical assessment using Raman phosphate intensity analysis before 
storage  
As mentioned earlier, no Raman scans were performed on the carious samples 
before storage as most of the pilot samples were burned, but it was recorded for 
sound and demineralised samples only. However, after four weeks’ storage in 
phosphate buffered saline, a reduced laser power (50%) was used to image only 
six points across the carious dentine zones, to minimise carious tissue laser 
exposure time and burning of the samples. It was noticed that the dark-coloured 
samples absorbed most wavelengths of light and were more likely to get burned. 
Results of Raman intensity in sound and demineralised surface before storage 
are reported in Fig. 2-8. A t-test showed a significant difference between the two 
substrates, as sound recorded (201 a.u. ± 5), and demineralised (163 a.u. ± 4 
(SE)), (p=0.004).  
 
Figure 2-8. Representative histogram showed the significant difference (*) in Raman 
phosphate peak intensity (p=0.004), between sound (blue) and demineralised (orange) 
dentine before storage. Error bars represent the standard errors of mean (SE). 
  




• Spectra analysis   
Representative spectra were plotted for the carious samples and the in-vitro 
demineralised samples separately (Fig. 2-9 A, B). With regards the carious 
spectra, the infected tissues (red line) generated the highest AF signal intensity 
and it reduced gradually toward the sound dentine (blue line) (Fig. 2-9 A). In 
contrast, SHG signals recorded the reverse, as it increased significantly towards 
the sound tissues as shown (Fig. 2-9 A). Regarding the in-vitro demineralised 
samples, no AF signal was detected in both sound and demineralised dentine. 
However, SHG signals were prominent (orange line) in the demineralised tissues 










Figure 2-9. Representative spectra were plotted and showing; (A) The recorded points 
across the carious dentine zones have recorded the highest AF signal intensity and 
lowest SHG intensity were observed in the infected dentine (red line). The next line 
showed reduction in AF, and slight increase in SHG, which indicates caries-affected 
dentine (green line). Sound dentine showed the least AF and highest SHG spectral 
peaks (blue line). (B) the recorded points across sound/demineralised model, showed 
an increase in SHG signals (orange line) compared to sound (blue), while no AF signal 
was detected in both sound and demineralised dentine groups. 
 
 




2.3.3. Characterisation of sound, demineralised and carious (infected and 
affected) dentine after storage  
The Raman phosphate peak intensities of all substrates were recorded on the 
dentine cross-section after PBS storage and their mean were calculated as 
shown in Fig. 2-10 A, B, C. The least phosphate peak intensity was related to 
infected tissue (105 a.u. ±14), which was significantly different from all other 
groups (p=001). The demineralised dentine was comparable and insignificantly 
different from sound dentine (p=0.39), after storage (180 a.u. ± 2, 170.6 a.u. ± 
5.2 respectively; Fig. 2-10.C). In addition, it wasn’t significantly different from the 
natural caries-affected dentine (155a.u ±11.9), (p=0.81). Results of other applied 
techniques were presented as a percentage change based on the calculation of 
the difference between mean values before and after storage in PBS solution 
(Fig. 2-11). Infected dentine tissues showed a significant reduction in most of their 
examined properties following the storage in PBS, reduction in AF (-22% ±9) with 
a bright intensity image, reduction in SHG intensity (-14% ± 11), together with a 
shorter lifetime (-16% ± 8.5), (Fig.2-12). In addition, tissue hardness was also 
reduced by (-8% ±3.4). Affected dentine and sound controls showed insignificant 
changes in their properties following storage. However, the demineralised 
dentine substrate showed a statistically significant reduction in SHG intensity only 
(-29.2% ±8), with an increase in tissue hardness (11% ± 4).  
  





Figure 2-10. (A, B) Representative grey-scale images are showing the direction of the 
Raman scan on the cross-section surface of both carious model and the demineralised 
model after PBS storage. (C) Histogram is showing the difference in the calculated 
average Raman phosphate peak intensity of different dentine substrates after storage. 
Error bars represent the standard error of means. Results reported the least phosphate 
peak intensity was related to infected tissues compared to all other groups (p=0.001) and 
marked by (*) in the graph. No difference was noticed in the phosphate peak between 
the demineralised sample and sound dentine after storage (p=0.39), and with the 











Figure 2-11. Percentage changes of mean intensity values of each optical 
characterisation technique with different substrates were calculated and plotted in bar 
graphs for effective comparison following dentine storage in PBS. Infected and affected 
dentine values were reduced in all measured techniques, but they were not significant 
from the sound dentine control group. A significant decrease in SHG intensity of the 
demineralised group compared to the sound dentine (0.01), associated with a significant 
increase in the demineralised KHN compared to the infected and affected tissues 
(p=0.005, 0.003 respectively).  





Figure 2-12. Representative images of autofluorescence (AF), Second harmonic 
generation (SHG), and fluorescence life time imaging (FLIM) were shown for each 
dentine substrate after storage. Infected and affected dentine intensity images were 
brighter than other groups, which was associated with the blue-green FLIM images 
indicating short life time for these tissues. SHG intensity image was brighter than AF in 
the demineralised group with more greenish lifetime image indicating no change in the 
lifetime after storage. Sound dentine is showing the green-red lifetime image as before 
the storage image. 
 




2.4. Discussion  
This study used a multi-modal approach to characterise a variety of encountered 
dentine substrates in dental clinical procedures (sound, demineralised, caries-
infected and affected dentine). This approach compared optical and chemical 




properties of the non-excavated carious dentine containing different histological 
tissues to those measured in the artificially demineralised dentine model, 
correlated with their hardness values. Furthermore, these techniques provided 
baseline control data for future experiments following storage with different dental 
materials. They are simple, reliable and non-invasive assessment methods and 
have been tested and applied in an earlier study to distinguish the carious zones 
using Raman spectroscopy correlated with their hardness and fluorescence 
behaviour (Almahdy et al., 2012). Partially demineralised/etched dentine surface 
using the phosphoric acid gel etching is one of the substrates involved in dental 
bonding mechanisms. Therefore, it is important to understand their properties 
using the same multimodal approach to predict the interactions of these 
substrates with the applied restorative materials in the following chapter. 
Microhardness testing was used in this study as a direct in-vitro translational 
value that reflects relatively the mineral content of dentine and then facilitate 
differentiation of the carious zones (Banerjee et al., 2010a, Banerjee, 2013).  
Since there are wide variations in the morphology and the micro-structure of 
natural carious dentine histological layers and the artificially demineralised 
dentine, their interaction with the illuminating incident light may also be different. 
In addition, their biochemical response when interacting with different restorative 
materials will also vary. The characteristics of dentine substrate influence directly 
the bond strength of the dentine/adhesive interface. However, a simple 
demineralisation protocol used in the current study has provided a simple model 
with partial loss of minerals and intact collagen matrix.   
Differences between natural and artificial dentine lesions were explained by the 
difference in remnant mineral content in the deep and superficial part of the 
lesion. The etched/demineralised dentine contains more mineral in the deep layer 
of the cavity that serve as seed crystals for future tissue remineralisation. In 
contrast, the natural CAD contains more mineral crystals in the superficial layer 
of the lesion. These differences play a key role in how these tissues interact with 
different restorative materials and in their optical properties (Wang and Yao, 
2010). In addition, the integrity of collagen fibre is another key factor for the 
dentine tissue healing and repair when comparing acid-etched and natural caries 
dentine.  




2.4.1 Characterisation of sound, demineralised and carious (infected and 
affected) dentine before storage  
Based on the results of this study before PBS storage, analysis of AF and SHG 
intensities revealed significant differences between the examined substrates 
compared to sound controls (Fig.2-8), which partially rejects the first null 
hypothesis of this study. Similar changes in fluorescence intensity have been 
reported (Stoller et al., 2002). Results showed that the highest AF intensity was 
related to the infected dentine followed by the affected dentine, while the lower 
intensity was noticed in demineralised tissues, which was not significantly 
different from the sound dentine average intensity. Part of the results concur well 
with the results of a previous study; that the natural AF intensity of the dentine 
might help in objective quantification of carious zones both in clinic and 
laboratory, which further has been correlated with the tissue hardness of each 
substrate (Banerjee et al., 2010a, Almahdy et al., 2012).  
 
The AF intensity of dentine is stronger than that of enamel. This is believed to be 
due to tryptophan and hydroxypyridinium in dentine collagen protein composition, 
together with a higher organic content compared to enamel (Hoerman and 
Mancewicz, 1964, König, 2000). It was also previously suggested that the dentine 
AF originates from several endogenous fluorophores. Consistent with this 
suggestion, collagen cross-linking can be a reliable indicator of the dentine 
microstructure state (Tanzer, 1973). This was based on the similar excitation and 
fluorescence characteristic of the cross-linked collagen and dentine AF (Rivera 
and Yamauchi, 1993). However, both are unlikely to have any relevance since 
their excitation wavelengths (350-400nm) lie outside the range covered in this 
study (Foreman, 1980).  Moreover, microstructural change in dentine due to 
surface treatment (etching) or pathological action (caries) play a role in the 
degree of tissue destruction and their effect on associated optical properties.  
 
Enhanced intensity associated with the infected dentine may be explained by 
complete matrix degradation and release of porphyrins which is one of the major 
cariogenic bacterial by-products during the caries process. CAD is also 
influenced by the acidic media which induces structural changes followed by 
defibrillation of unprotected collagen fibrils due to matrix metalloproteinase 




enzymes (MMPs) release. This explains the high AF signals in this layer but to a 
lesser extent than the infected tissues (Kleter et al., 1998a, de Carvalho et al., 
2009, Lee, 2015). Using UV excitation, investigations of teeth indicated that the 
origin of light emission was from the organic component embedded in the 
inorganic calcium apatite matrix (Lee, 2015). It was also reported that 
fluorescence in human teeth may be organic in nature, possibly proteins, as well 
as the inorganic matrix (Horsley and Barrow, 1967). In agreement with these 
assumptions, the results of this study showed the insignificant difference in AF 
intensity of the artificially demineralised dentine compared to the sound dentine 
(Fig.2-9). This may indicate the independent direct relation between AF 
intensities and the mineral content of dentine. On the other hand, laser 
fluctuation, cannot be ruled out, despite their calibration and the laser power 
measurements (Gallagher et al., 2003). This additionally may validate that the 
proposed demineralisation protocol by etching did not affect the cross-linking of 
the collagen in that substrate, which makes it a proper model to test the potential 
remineralisation effect of different applied materials. In contrast, SHG showed the 
reverse data, with an increase in its intensity in the demineralised dentine, while 
the lowest intensity was related to infected tissues.  
It was previously found that the dentine structure generates an intense SHG 
signal compared to enamel and cementum, due to a strong correlation between 
collagen and SHG signals (Kim et al., 2000, Chen et al., 2007). This coincides 
with the results of the present study, as infected tissues revealed the lowest SHG 
signals due to organic dentine matrix degeneration. However, the demineralised 
group, following the removal of the superficial mineral leaving an exposed 
collagen fibril to laser light, yielded the highest SHG intensity signals. 
 
FLIM imaging was used in limited studies to investigate dental tissues, as it 
requires a high repetition rate pulse laser with an excitation wavelength that must 
be well-matched with the absorption wavelength of tested sample (Matsumoto et 
al., 1999, McConnell et al., 2007). This could be achieved by using the ultrafast 
Ti-Sapphire laser with the two-photon microscopy (Curtis and Watson, 2014). 
Sensitivity and specificity are widely used measures in quantification of the 
diagnostic ability of proposed testing techniques. A previous study has confirmed 
significant specificity and sensitivity of AF intensity measurement combined with 




FLIM to effectively distinguish between carious dentine zones. Enhanced AF in 
infected tissues was accompanied with the shortest lifetime which agrees with 
the result of previous study (Lin et al., 2011). Short lifetime has been mentioned 
in an earlier study and was attributed to changes in both chemical and physical 
properties of dentine (Webb et al., 2002). Lifetime can be influenced by the 
fluorophore environment including polarity, ion concentration, temperature and 
pH. Hence, it is used as a parameter for biological sensors. The dentine 
substrates showed a gradual increase in FLIM from CID to sound dentine. This 
could be explained by possible pH differences between substrates. Lowest 
hardness values were in the infected tissues group and it gradually increased 
towards the sound dentine group. However, loss of fluorescence in 
demineralised tissues indicates that dentine fluorescence is not only generated 
due to collagen but to the interplay of calcium phosphate crystals with collagen 
(Panayotov et al., 2013). 
2.4.2 Characterisation of sound, demineralised and carious (infected and 
affected) dentine after storage  
To compare the obtained results before and after storage from same samples, 
percentage change % was calculated. These data will be further used as a 
control when comparing the effect of different restorative materials interaction 
with investigated substrates. With regards to infected tissues, they showed a 
decrease but not significant in their % values with all recorded parameters, which 
may indicate further progression of caries when stored with no material. 
However, reduction in AF intensity could possibly be due to the deposition of 
some minerals from PBS media on the dentine surface. Demineralised dentine 
showed a significant reduction in SHG signals as etching with phosphoric acid 
may activate MMP enzyme activity and continue their effects during storage. 
This result partially rejects the second hypothesis. 
 
Despite these findings, hardness and Raman provided opposite results, which 
may indicate surface precipitation of salts in the demineralised dentine surface 
from PBS media which could increase their surface hardness (Goodis et al., 
1991). Demineralised dentine Raman values after storage have increased to lie 
in between sound and caries-affected dentine values with no statistical 




difference from both substrates. It seems that storage in PBS solution have an 
impact on optical properties of infected and demineralised dentine. Both 
substrates have a mineral depleted superficial zone which demonstrates 
possible future interaction with restorative materials in similar storage media. 
Unlike CAD in which their dentinal tubules are occluded by mineral crystals due 
to continuous deposition of minerals during caries progression. Thus, CAD 
showed insignificant changes after storage as with sound dentine, which partially 
rejects the second hypothesis. 






• The optical techniques used in this study offer quantitative differentiation 
measures between examined substrates. They can be used as an 
alternative, non-invasive, and objective microscopic markers, to differentiate 
between natural carious tissue zones and the artificially created lesion.  
• The design of both the demineralisation and carious model allowed co-
localisation of multiple modalities used for sample evaluation.  
• These measurements provided base line data for further assessments 
required when the examined substrates interact and stored with different 
restorative materials to assess the change after storage.  
• Results partially rejected the null hypotheses, as there was a non-significant 
difference in mineral content between natural caries and artificially 










Chapter 3.  In-vitro Demineralised Dentine Interactions 
with the Novel Dual-cure Hybrid Resin Ionomer (DC-HRI) 
3.1 Introduction 
The treatment modalities of any dental procedure are concerned about 
preservation of the maximum quantity of repairable dental tissues whilst providing 
natural function and aesthetics. The change from using dental amalgam to 
adhesive materials has led to the conservation of dental tissue, with no need for 
excessive tissue removal for restoration retention. With in-vitro studies, the 
variability in activity, size, shape, depth and structural difference between 
different natural lesions make this substrate difficult to standardise for  testing 
materials and new techniques (Lenzi et al., 2015). Several samples are needed 
for a single test to overcome the variation between samples. Therefore, this study 
used a demineralised dentine model for standardisation and analytical purposes 
when testing the performance of a new restorative compared to the sound dentine 
(Marquezan et al., 2009). 
Nowadays, the decrease in the number of amalgam fillings is influenced by the 
high demand for tooth-coloured materials and more biocompatible restorations. 




The most favourable direct posterior restorations compared to amalgam are resin 
composites and glass-ionomer cements (GICs). Resin composites provided both 
aesthetic and satisfactory physical properties. GICs provide chemical adhesion 
to the moist tooth structure with an anti-cariogenic activity due to fluoride ion 
release (Frencken, 2017). However, low fracture strength, toughness and wear 
indicate the poor mechanical properties of glass-ionomers and limit their 
extensive use in dentistry as a definitive restorative material in stress-bearing 
areas (Lohbauer, 2009). They have been subjected to various improvements and 
developments. Resin-modified glass-ionomer cements (RMGICs) were one of 
these developments patented in the late 1980s (Antonucci et al., 1988). They 
were initially considered an alternative to amalgam, combining the benefits of a 
glass-ionomer with those of a resin composite. As such, RMGICs have been 
reported to demonstrate an increased elastic modulus, compressive strength, 
and lower solubility than conventional glass-ionomer luting agents, as well as 
biocompatibility and fluoride release (Hatibovic-Kofman and Koch, 1991).  
More recently, a high viscosity dual-cure hybrid resin/glass-ionomer (DC-HRI) 
restorative material has been introduced to meet the clinical requirements for the 
conservative deep caries management. The organic matrix consists of a novel 
multifunctional, phosphoric acid-modified methacrylate, which generates self-
adhesion without the need for separate adhesive step. The unique dual-cure 
initiator system allows for efficient polymerisation with high mechanical properties 
and dimensional stability (Zidan et al., 2015). It is provided in a capsulated form 
which minimises hand mixing errors and void incorporation. It allows adequate 
working time (±3-5 mins) and can be manipulated before polymerisation of the 
material starts. It is still unknown if this material has any bio-interactive effect 
when bonded to both sound and demineralised dentine. This will be investigated 
in this study compared to other control materials. 
Remineralisation is a natural repair process that occurs to counterbalance the 
demineralisation of teeth caused by acidic attack. It requires the presence of 
calcium and phosphate ions on the surface of the pre-existing crystals in enamel 
or dentine. Therefore, recrystallization and formation of the newly acid resistant 
minerals occurs, especially if the fluoride exists to be included in the new crystals 
formation. 




Glass-ionomer cements have been studied extensively for their potential re-
mineralising effects on carious dental tissues (Miyauchi, 1976, ten Cate, 1995, 
Martinez‐Ramirez et al., 2006). This makes it an ideal material for minimally 
invasive caries management (Frencken, 2017). From its composition, it was 
speculated that GIC may induce dentine remineralisation due to its high fluoride 
release which is already known to form an acid-resistant fluorapatite (Tsanidis 
and Koulourides, 1992). A study by a Creanor (1998) reported that RMGICs have 
the potential for remineralisation of artificially created dentine carious lesions 
compared to amalgam restorations (Chung et al., 1998). This has been shown in 
terms of both total mineral content and lesion body content. They were attributed 
the increase in the radiopacity to an increase of mineral deposition in the RMGIC 
group.  Another study has also confirmed that RMGIC was associated with higher 
reduction of demineralisation adjacent to the tooth tissue under carious 
challenge, when compared with non-fluoride releasing composite restoration, 
while there was no difference found when RMGIC was compared to the fluoride 
containing composite (Mickenautsch and Yengopal, 2010). 
A partially demineralised dentine model with an internal sound dentine control 
was used in this study to compare the response of both substrates when 
interacting with different restorative materials. It has been proven in the previous 
chapter that the demineralised dentine substrate differs significantly from both 
sound and CAD in some optical properties before any material application. 
Therefore, it can be assumed that the structural difference between these 
substrates will affect their response when they are in proximity with different 
restorative materials.  
Several techniques have been utilised to quantify changes in the mineral content 
of different in-vitro dentine caries models following their interaction with dental 
restorative materials. In this study, changes in all parameters that have been 
already assessed in the previous chapter were re-evaluated including two-photon 
auto-fluorescence (AF), second harmonic generation (SHG) intensities, 
fluorescence life time imaging (FLIM), Knoop hardness (KHN) and Micro-Raman 
phosphate peak intensity in both sound and artificially demineralised dentine 
(ACD). These parameters would then be re-measured after storage in phosphate 
rich media with different restorative materials which are; the new material (DC-




HRI, 3M, USA), conventional glass-ionomer (EQUIA Fill, GC Corporation. Tokyo, 
Japan), and Bulk-fill composite (Filtek Bulk Fill, 3M, USA) bonded with 
Scotchbond Universal adhesive. 
The null hypothesis of this study was that there is no difference in AF, KHN, 
phosphate Raman peak intensity and FLIM between sound and demineralised 
dentine after 4 weeks’ storage with materials in phosphate buffer saline (PBS). 
There is no difference between the experimental material and other tested 
materials on either sound or demineralised dentine.  
3.2 Materials and methods 
Ten extracted sound molar human teeth were collected using an ethics protocol 
reviewed and approved by NHS Health Research Authority (16/SW/0220). The 
teeth were cleaned using ultrasonic cleaner and refrigerated in deionised water 
at 4 °C and were used within one-month post-extraction. Roots were sectioned 
just below the cemento-enamel junction to create a horizontal reference. Each 
tooth was mesio-distally sectioned into two 2 mm thick flat dentine slices.  
Specimens were distributed randomly into four groups, including five dentine 
slices in each group. These were then polished using 1200-grit carborundum 
paper under running water for 30 secs. 
  





The materials used in this study are summarised in Table 3-1. 
Table 3-1.List of materials used in the study. 
Material  Product & 
Manufacturer  
Material composition  LOT Number  
Hybrid RMGI 
analogue   
 DC-HRI, 3M dental 
products, USA 
Powder: surface modified 
glass powder, oxide glass 
chemicals, calcium 
hydroxide. Liquid: mono, di, 
tri-glycerin-dimethacrylate 





GIC  EQUIA Fil, GC, Tokyo, 
Japan 
Powder: fluoro-alumino-
silicate glass, polyacrylic 
acid powder 
Liquid: polyacrylic acid, 
Polybasic carboxylic acid  
1509100 
Resin Composite  Filtek Bulk Fill, 3M 
dental products, USA 
The resin-based matrix 
contains ERGP-DMA, 
diurethane-DMA and 1,12-
dodecane-DMA. The fillers 
are a combination of 
zirconia/silica cluster fillers 
76.6% by weight and 





Universal, 3M, USA  
MDP phosphate monomer, 
Dimethacrylate resins, 
HEMA, Vitrebond 
Copolymer, filler, ethanol, 
water initiators, silane  
455500  
Etchant  ScotchbondTM 
Universal, 3M, USA  








3.2.1 Assessment of dentine changes after storage with materials 
Following the baseline dentine assessment before material application, as 
described in the previous chapter, demineralised samples with internal sound 
controls were rinsed with the deionised water and ultra-sonicated for 5 minutes 
to ensure removal of the surface debris. Different materials were then prepared 
and applied as per the manufacturer’s instructions to cover the previously 
characterised surface. For DC-HRI (3M, dental products USA), RotoMix™ 
Capsule Mixing Device (3M, USA) was used for 10 seconds then the material 
was adapted using a plastic instrument against the dentine surface Then, the 
restoration was light cured for 10 secs using a Deep Cure-S LED curing light (3M, 
USA) with the light intensity 1470 mW/cm2 (-10%/+20%). For EQUIA Fill group 
(GC Corporation. Tokyo, Japan), material capsule was shaken, activated, then 
mixed using the same RotoMix™ mixing device for 10 seconds (+/- 4,000 RPM), 
and was applied as per the manufacturer’s instructions on the dentine surface. 
Filtek Bulk Fill resin composite was applied following bonding with the Universal 
Scotchbond adhesive (3M, USA) as per manufacturer’s recommendations. All 
samples were then incubated at 37°C temperature for 4 weeks in separate glass 
vials containing 7.0 ml of phosphate buffered saline (PBS) solution with 7.4 pH 
(Oxoid Limited, Hampshire, UK) and the storage solutions were replaced every 3 
days.  
 
• Optical assessment 
Following four weeks storage, samples were sectioned at the previously marked 
reference landmark using a hard tissue microtome (Isomet 1000, Buehler, Lake 
Bluff, IL, USA) equipped with a slow-speed (330 Rpm), water-cooled diamond 
wafering blade (XL 12205, Benetec Limited, London, UK) to expose the interface 
for further evaluations. They were polished using 1200 grit Si Ca paper for 30 
secs, and then sonicated for 3 minutes. Samples were imaged immediately using 
the in-house manufactured two-photon fluorescence microscope with the same 
settings as previously described in chapter 2 (section 2.2.3) for a consistent 
comparison. Twelve points were imaged on the cross-sectioned surface, within 
50 µm from the dentine/material interface based on a previously recorded 
reference point (Fig.3-1). Using the same setting in the previous imaging setup, 




AF and SHG intensities (256 x 256 pixels) and FLIM were reimaged as shown in 
the schematic diagram (Fig. 3-1B). The obtained data were analysed using Image 
J software (ImageJ, Wayne Rasband, NIH, USA) to measure the fluorescence 
and SHG average intensity. Using TRI2 FLIM analysis software (courtesy of Paul 
Barber, Grey Cancer Institute, Oxford), the fluorescence decay curves were fitted 
using a bi-exponential model and the average lifetime was calculated for each 
image and averaged for each tissue layer in each experimental group and further 
displayed as bar graph. The percentage change was then calculated using the 
before and after values of average intensity and lifetime using the following 
equation:  
((Xa− Xb) / Xb) × 100% 
Where Xa is the value after storage, Xb is the initial value before storage. 
• Knoop hardness number (KHN) 
Following the optical evaluation, tissue hardness was re-measured following the 
previous measured distance from the reference point. This was within 50 µm from 
the dentine restoration interface edge. 
• Raman Spectroscopy  
A similar analytical protocol was used to calculate the percentage change of the 
mineral phosphate peak intensity between baseline and storage values using the 
following equation:  
((Xa− Xb) / Xb) × 100% 
Where Xa is the value after storage, Xb is the initial value before storage. 
3.2.2  Statistical analysis 
The previous values (before materials application) were compared with post-
storage by calculating the percentage change in both sound and demineralised 
dentine tissue in all material groups. The percentage change values were then 
used to compare different materials in each technique separately with both sound 
and demineralised dentine using a multiple regression test. If overall significance 
was found, then further Post-Hoc analysis was performed to find out which 




particular group or material was significant. All the p values (level of significance) 
were adjusted for multiple comparisons.   





Figure 3-1. Schematic diagram showing the model used in the study (A) Sample before 
storage with the marked reference point and top surface characterisation using two-
photon, Raman spectroscopy and Knoop hardness number (KHN) as described in 
chapter 2 (section 2.2.3). (B) cross-section view through the dentine/restoration 
interface, showed the position of the corresponding recorded points of the AF and SHG 
intensities, FLIM and Raman phosphate peaks intensities (black squares) and Knoop 
hardness points (red diamonds) based on a previously recorded reference point (yellow). 
Marked line using a sharp blade is well delineated between sound and demineralised 
dentine. 










Figure 3-2. Diagram showing the setup and sample distribution for four interfacial 
dentine group evaluation. Letters (S, D) represents sound and demineralised dentine 
respectively. (A) Five random demineralised models were selected as tested samples 
for each group before restorations were applied and characterisation undertaken. (B) 
Samples were then restored with the three tested materials and one negative control 
group without restoration. Samples were incubated at 37°C temperature in phosphate 
buffer solution (PBS) solution. (C) After storage, samples were sectioned based on the 
previously marked reference point and re-evaluation of auto-fluorescence (AF) and 
second harmonic generation (SHG) intensity, fluorescence life time (FLIM), Raman 
mineral peaks intensity and Knoop hardness number (KHN) was done to calculate the 
percentage change. Further statistical analysis of the obtained percentage changes was 
performed. 
  




3.3 Results:  
3.3.1 Characterisation after material storage  
• Optical assessment  
Representative images of AF, SHG and FLIM of both sound and demineralised 
dentine before and after restoration are shown in Fig. 3-3 (A, B).  
They were divided into four different groups: (a) DC-HRI, (b) EQUIA Fill, (c) Filtek 
Bulk Fill, (d) negative control (no material). All materials results were compared 
to the experimental material and then against the control group. Qualitative image 
analysis of AF and SHG showed minimal changes which were prominent in the 
sound EQUIA Fill group. FLIM imaging of sound dentine showed a red colour, 
while it was blue in the demineralised dentine. No changes were noticed in the 
FLIM images of the sound group after storage with materials except the Filtek 
Bulk Fill group as the redness was decreased that could reflect a shorter lifetime 
(Fig. 3-3A). However, changes in the FLIM images of the demineralised group 
were noticed after storage with EQUIA Fill and DC-HRI groups from blue to red, 
compared to the blue baseline and control images which may indicate longer 
lifetime (Fig. 3-3B)










Figure 3-3. Representative two-photon and FLIM images are showing sound and demineralised dentine groups. 
(A) Set of sound and (B) demineralised dentine images at the baseline (before material application), and after 
storage with different materials were presented. Qualitative 




Cont. (Fig. 3-3) evaluation of autofluorescence and second harmonic generation images 
showed minimal changes between groups, especially in sound EQUIA Fill group, while 
measuring their intensity quantitatively showed some significant variations. However, 
FLIM images evaluation showed the difference between the experimental groups 
compared to the baseline and to the control group as well. It is well noticed that FLIM 
images remained red in EQUIA and DC-HRI in the sound groups but not with the Filtek 
Bulk Fill group. In addition, FLIM images became redder in the demineralised group after 
storage with EQUIA and DC-HRI groups. The reddish colour may indicate longer lifetime 
which may represent similar properties to the sound dentine. However, bluish-green 
colour indicated shorter lifetime and may indicates dentine degradation. 
• Autofluorescence (AF) intensity  
Multiple linear regression statistical analysis and percentage change 
calculations between initial and storage values were performed for each group 
and each technique separately.  
• In the sound dentine group, results showed a comparable insignificant 
decrease in fluorescence intensity of all materials, with a significant reduction 
in Bulk Fill group (B+), (-34.3% ±7), (p= 0.001) compared to both sound DC-
HRI (D+) and no material control (C+) groups.  
• In the demineralised dentine groups, a comparable increase in the 
fluorescence intensity was noted in both DC-HRI (D-) and EQUIA Fill (E-) 
groups (17.3% ±9.2, 23.2% ±17.2 respectively), while no change was found 
in the control (C-) group. Filtek Bulk Fill (B-) group was significantly lower than 
other groups (-28.7% ±8.7), (p= 0.03).  
These changes among all four groups were shown in Fig. 3-4. There is a 















Figure 3-4. Percentage change (%) of autofluorescence (AF) intensity in sound and 
demineralised dentine showed a significant decrease in Filtek Bulk Fill group intensity 
(B+, B-). There were no significant changes in intensities of the other groups with the 
sound dentine. However, the demineralised group showed a significant increase in 
intensity of the DC-HRI (D-) and EQUIA (E-) groups with no change in the control group 
(C-). Abbreviations used stands for different materials groups; (D+) DC-HRI sound 
dentine, (E+) EQUIA sound dentine, (B+) Bulk Fill sound dentine, (C+) control sound 
dentine, (-) referred for the demineralised dentine groups of the corresponding materials. 
Error bars represent the standard errors of means. 
Second harmonic generation intensity (SHG) 
SHG intensity showed a significant reduction in experimental group DC-HRI (D+, 
D-), (-20.8% ±8.8), (p< 0.05) compared to other groups and to the control as 
shown in Fig. 3-5. Demineralised groups showed a comparable decrease in 
intensity in both DC-HRI (D-) and control (C-) groups (-20.5% ±6.2, -29.2% ±10 
respectively) which was significant from other tested materials (p=0.04, 0.011 
respectively). Both sound and demineralised Bulk Fill groups (B+, B-), sound E+ 
showed an increase in intensity (21.09% ±12.9, 15.9% ±9.2, 16.7% ± 13 
respectively), compared to D+, D- (p< 0.05), with no change in EQUIA 
demineralised group (E-) (1.3% ±16) which is shown in Fig.3-5. There is no 
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Figure 3-5. Percentage change of SHG intensity showed an increase in Bulk Fill group 
with both sound and demineralised dentine (B+, B-) and sound EQUIA (E+). Decrease 
in intensity of both sound and demineralised experimental group (D+, D-) but was 
comparable to the control group (C+, C-).  No change was noticed in demineralised 
EQUIA group (E-). Error bars represent standard errors of means. 
• Fluorescence lifetime (FLIM) 
Sound dentine results showed a significant decrease in lifetime in the control (C+) 
group (-15.18% ±1.8), compared to D+ (-3.31% ± 1.7) (p= 0.0001). On the other 
hand, the demineralised dentine showed a significant increase in EQUIA Fill (E-) 
group compared to all other groups (16.48% ±2.9), (p= 0.001) which is shown in 
Fig.3-6. There was a significant difference between sound and demineralised 
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Figure 3-6. Percentage change of sound dentine FLIM showed no significant changes 
in lifetime between the materials but significant decrease was noticed in the control 
group. Demineralised dentine showed significant increase in EQUIA group only. Error 
bars represent standard errors of means. 
• Dentine tissue hardness (KHN) 
Percentage change of the dentine hardness before and after materials storage 
was also calculated and averaged for each group. The demineralised dentine 
was significantly getting harder when stored with DC-HRI and EQUIA Fill (41.11% 
±5.6, 48.6% ±8.1 respectively), (p= 0.001, p=0.002) compared to other 
demineralised groups. The average value of Knoop hardness number was 
increased from (26.2 to 36.4) within the D- group. In the EQUIA group this 
increase was greater from (27.15 to 39.4). Non-significant increase was noticed 
regarding sound dentine groups. These changes are displayed in Fig. 3-7. There 
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Figure 3-7. Percentage change of KHN showed no changes in sound dentine groups, 
with significant increase in demineralised experimental and EQUIA groups. Error bars 
represent standard errors of means. 
• Raman spectroscopy 
Raman analysis and percentage changes of Raman mineral peak intensity were 
calculated and presented in Fig. 3-8. In the sound dentine group, the percentage 
change in the C+ group mineral intensity has significantly decreased (-12% ± 
1.8), (p=0.01). On the other hand, the demineralised groups showed significant 
increase in intensity of both D- and E- groups (13% ±7.3, 22.8% ±6.8), when 
compared with the control group (-3% ±4.4), (p=0.021). The difference was also 
significant when comparing sound and demineralised DC-HRI and EQUIA groups 
separately. However, this difference wasn’t significant when comparing 
demineralised D- and E- (p=0.07). There is a significant difference between 
sound and demineralised groups (p=0.006). 
Based on the previous analysis, results indicate comparable changes in optical 

























   
 







Figure 3-8. Percentage change of Raman intensity showed significant increase in 
demineralised EQUIA and DC-HRI groups compared to the control group, while no 
change was observed in any of the sound groups. 
3.4  Discussion:  
 
3.4.1 Sample preparation 
Based on the minimally invasive dentistry approach (MID), CAD remineralisation 
has been studied extensively using different in-vitro models. It has been 
simulated by partial demineralisation of sound dentine using pH cycling or short 
duration etching by phosphoric acids (Klont and Ten Cate, 1991) or total 
demineralisation (Arends and Ten Bosch, 1992). Most of the simulated caries 
models have an intact collagen matrix which is capable of re-mineralising. 
However, artificial carious models have shortcomings as they do not model the 
effect of pulp response, dead tracts, secondary dentine and crystalline growth 
within the dentine tubules (Watson et al., 2014). As compared to the acid-etched/ 
demineralised matrices of normal dentine, the bio-altered natural caries-affected 
dentine would exhibit a complex, non-uniform composition and structure which 
have a direct effect on the quality, strength, and the durability of the 
adhesive/dentine interface. 
In this study, the created demineralised dentine model was compared to the 
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optical, chemical and mechanical properties of these models, as a result of 
interaction with the applied restorative materials.  
Despite the differences between the natural and artificial caries, an earlier study 
compared the Ca/P ratio of the carious model produced by either “biological 
bacterial” or the “chemical gel” methods using energy dispersive x-ray analysis 
(EDX). They stated that both substrates were similar in Ca/P ratio compared to 
the natural caries (Pacheco et al., 2013). In addition, the non-significant 
differences in values of hardness (KHN), lifetime (FLIM) and Raman phosphate 
peak intensity were reported in the previous chapter (section 2.3.2) between the 
natural CAD and the demineralised dentine groups. A significant difference when 
comparing the Raman shift of the collagen type I between artificial bacterial and 
chemical caries simulation methods but not compared to the natural CAD has 
been reported (Pacheco et al., 2013). Wang et al. study used micro-Raman 
spectroscopy to determine the degree of dentine demineralisation as a function 
of spatial position. This has been determined from the ratios of the relative 
integrated intensities associated with mineral phosphate peak at (961 cm−1 P-O 
symmetric stretch) and collagen peaks (1454 cm-1, CH2 deformation), based on 
the calculated mineral content at different positions directly after acid exposure 
(Wang and Yao, 2010).  
Okamoto et al. reported a degradation in dental collagen following acid etching 
using 30% and higher concentrations of phosphoric acid (PA) for 1 min. Their 
results indicate that phosphoric acid induces a conformational change in dentine 
collagen (denaturation or perturbation) similar to that observed with HCl 
(Okamoto et al., 1991). Conversely, Gwinnett used SEM and ESEM to examine 
the demineralised dentine in wet, dry state and concluded that the micro-
morphological change of the collagen was minimal (Gwinnett and Kanca 3rd, 
1992). Wider ranges of demineralised dentine depth following acid etching were 
reported in earlier studies ranging between 10-2000 μm (Van der Veen and Ten 
Bosch, 1996, Tay and Pashley, 2008, Bertassoni et al., 2011). In the previous 
chapter, the collagen reference was identified by recording SHG intensity values 
which were significantly higher in the demineralised dentine than those of sound 
dentine before material applications. This increase in intensity may be attributed 
to the exposure of collagen fibrils following the removal of the smear layer and 




opening of the dentine tubules by acid etching. However, in the current study, 
these intensities were either increased or decreased indicating the change in 
collagen status following storage and interaction with the different restorative 
materials. 
Demineralisation of dentine leads to reduction of its mechanical properties by 
removing mineral ions from the tooth apatite which can be re-constituted by 
restoring the inorganic matrix (Xu et al., 2011). Dentine remineralisation is a 
complicated process as it involves minerals, collagen and non-collagenous 
proteins (NCPs). A number of studies agreed that dentine remineralisation occurs 
through the growth of residual crystals within the demineralised structures 
(Kawasaki et al., 1999, Xu et al., 2011, Qi et al., 2012). In addition, the presence 
of non-collagenous proteins that adhere to the collagen matrix, are involved in 
the regulation of both inhibition and acceleration of the remineralisation (Linde, 
1989).The remineralisation occurs when the mineral is reabsorbed by the 
damaged surface. It has been shown that dentine, even in the absence of cells, 
is able to participate actively in tissue reparative processes (Smith et al., 2012). 
Thus, the demineralised dentine can be re-incorporated by minerals which may 
act as a constant site for further nucleation. This can be induced by local 
supersaturation of Ca and P in the surrounding media and due to the presence 
of the non-specific tissue alkaline phosphatase. Furthermore, dentine provides 
both structural and chemical frameworks, acting as a scaffold for mineral 
deposition at specific sites to render a stronger and durable adhesion to dental 
tissues although the severe conditions in the oral environment (Toledano et al., 
2015b). 
Stream LineTM scanning confocal Raman spectroscopy was utilised in the present 
study to assess the potential increase or decrease in phosphate content within 
the demineralised dentine model as a result of interaction with the tested 
materials (Milly et al., 2014). This can be performed by quantitative chemical 
analysis and calculation of the percentage change in phosphate mineral peak 
intensity of interfacial dentine adjacent to variant of tested materials (Tsuda and 
Arends, 1997, Tramini et al., 2000). Similar increases in Raman phosphate peak 
was previously reported in other studies indicate biological mineralisation in 




cartilage and in teeth as a sign for HA formation (Sauer et al., 1994, Parker et al., 
2014). 
This study compared the micro-indentation hardness to the optical macroscopic 
appearance of the demineralised dentine against the internal sound control.  As 
reported in the earlier study, and along with the results of our study, the Knoop 
hardness number can be used as a confirmative test of remineralisation 
correlated with optical changes in dentine following mineral deposition (Sajini et 
al., 2013). 
3.4.2 Effect of tested materials on the dentine substrates  
Several in-vitro studies have investigated the capability of remineralisation of the 
artificially demineralised dentine adjacent to glass-ionomer cement (Ten Cate, 
1994, Ngo et al., 2006), resin modified glass ionomer (Creanor et al., 1998) and 
calcium silicate cements (Tay et al., 2007, Watson et al., 2014, Atmeh et al., 
2015). In general, the mineral deposition precipitation is mainly driven by local 
factors such as pH, the presence of seed crystals in the collagen matrix and the 
surface area available for crystal growth (Yang et al., 2011). Previous studies 
confirmed the mineral transfer and apatite formation in different dentine 
substrates with variable mechanisms when they interact with GIC (Lee et al., 
2008, Ngo et al., 2011). In contrast, other studies didn’t show any dentine 
remineralisation with GIC; claiming that the acidic media generated from the acid-
base reaction would be less favourable for apatite formation (Watson et al., 
2014), or that a completely demineralised dentine substrate is unlikely to 
remineralise as it lacks crystal seeds for apatite growth, despite their well- 
adaptation to dentine (Kim et al., 2010a).  
In this study, dentine interactions with the experimental restorative material DC-
HRI, EQUIA and Bulk Fill resin composite bonded with Scotchbond Universal 
adhesive were examined using multi-modal non-invasive optical, chemical and 
mechanical approaches to test their potential ability to re-mineralize the partially 
demineralised dentine model. For EQUIA with the demineralised dentine group 
(E-), results showed a favourable increase in the percentage change of their AF, 
FLIM, KHN, and Raman with no change in SHG after storage, as compared to 
the minimal but not significant increase in the sound control substrate. The 
increase in these parameters may indicate a remineralisation of the adjacent 




demineralised dentine substrate as presented. The explanation for the basic 
mechanisms behind the changes in each parameter were described earlier in the 
discussion of the previous chapter (Chapter 2, section 2.4). Moreover, results 
partially reject the first null hypothesis as they showed a statistically significant 
difference between the sound and demineralised dentine results in all parameters 
except SHG. This result agrees well with the study suggested that the ion 
exchange can occur in the presence of the partially demineralised carious dentine 
(Ngo et al., 2006). Demineralisation of the inorganic dentine component happens 
due to the cement’s PAA and tartaric acids etching effect (Sennou et al., 1999). 
Therefore, this triggers the ionic flow of elements from the glass including fluoride, 
strontium, aluminium and residual hydroxyapatite attached to collagen of the 
partially demineralised dentine, which in turn neutralise the acidity and induce the 
mineralisation thus enhancing the fluorescence intensity and FLIM. Chemical 
bonding and continuous fluoride release are the most favourable properties of 
GIC (Asmussen and Peutzfeldt, 2002). With the presence of phosphate ions in 
the storage media combined with the release of calcium and phosphate from the 
tooth, fluoroapatites are believed to be formed to re-mineralise the “hypo 
mineralised”/ etched dentine (Tsanidis and Koulourides, 1992, ten Cate, 1995). 
In an earlier study, to assess the degree of demineralisation in dentine, the 
Raman phosphate peak (PO4-3 ν1) has been detected at the exact position on 
the Raman spectrum (959 cm-1), this peak directly reflects the mineralisation of 
the tissue (Almahdy et al., 2012). Therefore, the significant increase in Raman 
PO43- peak may indicate the HA formations (Parker et al., 2014), as noticed in the 
current study in both GIC and DC-HRI/demineralised dentine groups. In 
agreement with the present results, an earlier study has confirmed the 
remineralisation effect of the conventional GIC together with Biodentine when 
bonded to the partially demineralised dentine using the same assessment 
methods (Sajini. S et al., 2016). On the other hand, no such remineralisation was 
observed adjacent to GIC in a totally mineral-depleted dentine as the GIC 
requires pre-existing nucleation sites (Atmeh et. al 2014). 
The experimental dual-cure hybrid resin/glass ionomer (DC-HRI) restorative 
material was introduced by 3M as a novel RMGIC derivative that may replace the 
other existing commercial conventional GICs, RMGICs, and composite 




restorations in treating the deep carious lesions. This material aimed to simplify 
the restorative clinical steps by the self-adhesion and improved mechanical 
properties. Their chemical composition resembles the commercial self-adhesive 
Universal resin cements (RelyXTM Unicem, 3M), but with a higher viscosity and 
bulk-fill application approach to be used as a permanent posterior restoration in 
a high stress bearing area. Based on the results obtained from this study, DC-
HRI behaves in a comparable way to its control group; the conventional highly 
viscous GIC (EQUIA Fill), in their biological response, when they interact with the 
demineralised dentine, but differs from the Bulk Fill composite group bonded with 
the Scotchbond Universal adhesive. Significant increase in mineral content using 
Raman phosphate peak and Knoop hardness (KHN), as well as the increase in 
AF optical values of the demineralised dentine group were also noticed with this 
group. These results may reflect the tissue repair of this demineralised tissue 
when stored with DC-HRI in a phosphate rich media, while no changes were 
noticed in the FLIM results. SHG intensity was reduced in both sound and 
demineralised dentine which was significant compared to the other groups. Such 
a result might be referred to the proximity of their mechanism of action to the 
glass ionomer materials. The initial acidity of the mixed material during the first 
minute was very low pH <2, which may induce changes in the collagen 
microstructure that result in the reduction in the SHG intensity of the dentine 
adjacent to this material.  However, no such change was noticed in the SHG of 
the EQUIA demineralised group. Although a significant increase in the mineral 
content was detected within demineralised tissues beneath DC-HRI and EQUIA 
groups, comparing the results of both restorations interestingly revealed 
statistically insignificant but higher percentage change with GIC than DC-HRI. 
DC-HRI contains a methacrylate ester of phosphoric acid (PAE), which induces 
a complex ionic exchange initiated by interaction of PAE functional groups and 
mineral apatite of the tooth, as well as interaction with the basic filler glass (Hikita 
et al., 2007). Many of the self-etch primers contain PAE in their composition. This 
ester simultaneously demineralises and infiltrates both the smear layer and the 
underlying dentine providing micromechanical retention. This interaction might be 
encouraged by the phosphate present in the storage media. In the current study, 
there is a difference in viscosity and pH between PAE in DC-HRI, HEMA in 




Scotchbond adhesive and PAA in GIC. PAE has the highest acidity due to the 
phosphoric acid functional group which can ionise in the presence of water and 
further react with the HA mineral in dentine to form a complex structure 
(Fukegawa et al., 2006).Therefore, the improved optical properties showed signs 
of tissue repair of the demineralised dentine adjacent to DC-HRI was mainly 
confirmed by KHN and Raman values. Despite these optical properties changes 
do not confirm an absolute repair has been undertaken in the examined 
substrate, a previous study has reported a clear relation between the 
mineralisation and dentine auto-fluorescence properties. Such result supports 
our findings, when the hydrated cement was stored in PBS (Tay et al., 2007). 
Another study found a direct correlation between the natural fluorescence lifetime 
and the change in the mineral content of the tooth (Banerjee et al., 2010a). It has 
been confirmed also in earlier findings that the longer fluorescence lifetime was 
associated with a higher mineral content within sound dentine (McConnell et al., 
2007, Lin et al., 2011). In the current study, the FLIM percentage increased only 
with EQUIA demineralised group as shown in Fig. 3-6, while no significant 
changes were noticed in the other groups. This result may confirm the ability of 
EQUIA to repair the partially demineralised dentine more effectively than DC-HRI, 
which correlates well with the results of the mineral change evaluation using 
Raman and KHN. 
Among functional monomers contained in self-etch adhesives, the monomer 10-
methacryloyloxydecyl dihydrogen phosphate (10-MDP) was found to adhere to 
the hydroxyapatite in the tooth more intensively (Yoshida et al., 2004). However, 
the enzymatic degradation, mediated by the activity of matrix metalloproteinases 
(MMPs), which is possibly happening in the Bulk Fill group as it showed a 
decrease in AF of both sound and demineralised dentine substrates. The further 
demineralisation may be proceed due to incomplete impregnation of the exposed 
collagen space and imperfect resin monomer infiltration to the full depth of the 
demineralised layer, with no any reparative action of the applied adhesive 
(Hashimoto et al., 2011). However, minimal but not significant increases in SHG, 
KHN and Raman was reported with the demineralised group. This may be 
attributed to the change in collagen crosslinking when they were locally infiltrated 




by the adhesive, which may alter the mechanical properties as noticed by the 
increase in hardness and change in scattering property of the substrate. 
3.5 Conclusions: 
This study has introduced multimodal non-invasive optical approaches to assess 
the potential action of a new restorative material, designed for treating the deep 
carious lesion, to induce apatite formation or further demineralisation on a simple 
partially demineralised dentine model.  
• The created demineralised model was characterised with an internal sound 
dentine control that facilitated the future comparison with the demineralised 
substrate.  
• Optical characterisation was further correlated with mechanical (KHN) and 
chemical (Raman) evaluation methods indicating a direct relation between the 
change in mineral content and their effect of optical properties of the dentine 
substrate.  
• Remineralisation of the demineralised model was achieved with the glass-
ionomer (EQUIA Fill) and DC-HRI groups following storage in the phosphate 
rich media.






Chapter 4. Stain-free optical evaluation of carious 
dentine interaction with the novel DC-HRI restoration 
 
4.1 Introduction 
Minimally invasive carious tissue removal preserves the potentially repairable, 
caries-affected dentine (CAD), which is left intentionally in proximity to the pulp 
to avoid its exposure (Schwendicke et al., 2016). Selective tissue removal / 
atraumatic restorative treatment (ART) are the recommended techniques to 
control and avoid excessive tissue removal in managing deep carious lesions 
(Frencken et al., 1994, Mertz-Fairhurst et al., 1998a, Maltz et al., 2002, Ricketts 
et al., 2013). The sealed bacteria are supposed to be inactivated due to 
deprivation from carbohydrates (Griffin et al., 2008).  
Therefore, when such treatments are performed, it is expected to find a 
combination of sound dentine at the periphery and of completely or partially 
demineralised dentine, overlying the pulpal aspect of the lesion. The mineral 




distribution of the CAD is highly variable and the depth of the lesion can extend 
hundreds of microns below the excavated surface (Garchitorena Ferreira, 2016). 
The annual failure rate for teeth with selective carious tissue removal was 
reported to mimic those with complete caries excavation (Schwendicke et al., 
2013). The radiographic observation of the carious tissue retained following 
selective carious tissue removal showed an increased radiodensity at 6-7 months 
follow up period (Maltz et al., 2002, Alves et al., 2010). 
Clinically, it is difficult to locate the exact caries excavation endpoint, due to the 
non-selective nature of the traditional carious tissue excavation techniques. 
Therefore, chemo-mechanical caries removal system such as Carisolv TM 
(Rubicon Lifesciences, Sweden) provides some self-limiting characteristic to the 
excavation endpoint to prevent excessive caries tissue removal (Banerjee et al., 
2000). 
Studies have investigated the effect of different caries excavation methods on the 
surface texture of the residual tissue following excavation.  Varied patterns of 
dentine texture were obtained and a lower Vicker’s hardness was reported with 
the Carisolv treated group, compared to rotary bur excavation (Mollica et al., 
2012). Despite the reliability of the use of Carisolv as a selective caries 
excavation technique (Kathuria et al., 2013), there is no definitive procedure has 
confirmed the exact tissue type left in the cavity along the interface (de Almeida 
Neves et al., 2011). In addition, it is not predictable how Carisolv will affect the 
dentine substrate properties, and in turn the nature of bonding to the applied 
restorative material (Jepsen et al., 1999, Burrow et al., 2003). Therefore, in this 
study, the intact carious lesion was examined against different restorative 
materials, without any operative intervention or caries excavation. Stain-free 
microscopic evaluation was used for carious tissue zones characterisation and to 
study the effect of selected restorative materials on the optical, chemical and 
mechanical properties of these carious zones.  
Remineralisation of the remaining carious tissue is a prerequisite to enhance the 
mechanical integrity of the tooth-restoration complex (TRC) and to avoid further 
pulp irritation (Bertassoni et al., 2009). The residual carious tissue would be 
favourable for remineralisation using bio-interactive materials such as calcium 
hydroxide (Conrado, 2004), mineral trioxide aggregate MTA, and BiodentineTM 




(Kim et al., 2016) or ion-releasing materials such as glass ionomer cements 
(GICs) (Ngo et al., 2006).The hermetic seal of the restoration is essential for 
successful conservative treatment, within comprehensive planning based on 
minimal intervention principles (Bjørndal et al., 2010, Schwendicke et al., 2013). 
However, full dentine tissue recovery is a complex process which requires the 
reconstruction of the lost organic collagen and inorganic apatite, as a result of 
acid attacks during the caries process. When the full recovery of dentine is 
achieved, improvement of mechanical properties of the remineralised dentine can 
be noticed, which indicates intrafibrillar remineralisation (Shibata et al., 2008). 
Conventional remineralisation of the carious dentine often requires solutions with 
calcium and phosphate ions in various fluoride concentrations. Some studies 
showed that the presence of seed crystals in the deeper caries sites can act as 
a nucleation site for calcium and phosphate epitaxial growth (Ten Cate, 2001, 
Deyhle et al., 2011, Bertassoni et al., 2011). It has been established that this type 
of remineralisation does not occur spontaneously, but rather through the growth 
of apatite crystals in the partially demineralised dentine. However, other studies 
showed that the apatite depleted surface can be re-mineralised in the absence of 
seed crystals by “bottom up”, non-classical bio-remineralisation approaches (Kim 
et al., 2010a, Cölfen, 2010). Both partially or totally demineralised dentine have 
been successfully remineralised using this strategy (Dai et al., 2011). Deposition 
of calcium and phosphate ions from the restoration or the surrounding media into 
the demineralised dentine result in net mineral gain (Cochrane et al., 2010). 
A range of studies have investigated the role of GICs in remineralising natural 
carious dental tissues (van Amerongen, 1996, Hatibovic-Kofman et al., 1997, 
Kuhn et al., 2014). The material of choice of ART is the high-viscosity GICs 
because of its desirable handling, adhesive, anti-cariogenic and physical 
properties (Mickenautsch et al., 2009). The adhesive properties of GICs 
facilitated their use on tooth surfaces that have had only minimal preparation 
(Sidhu and Nicholson, 2016). However, their reduced mechanical properties have 
limited their use (Sidhu et al., 1997). Clinical trials have reported the chemical 
ionic exchange between the cement and the demineralised dentine (Ngo et al., 
2006), as well as successful indirect pulp capping (Hashem et al., 2015). This 
could be related to the sustained release of fluoride ions from the cement and 




rechargeability which is responsible for the anti-cariogenic activity (Forsten, 
1998). Other ions were also reported to be included in the ion exchange such as 
aluminium, strontium. Theoretically, the concentration of mineral ions at the site 
of precipitation should exceed supersaturation to hydroxyapatite, hence 
remineralisation occurs. Precipitation reaction happens at slow rate compared to 
mass transfer of ions. Little data are available to conﬁrm this assumption (Ten 
Cate, 2008). 
As mentioned in the previous chapter, recent development in dental biomaterials 
research has introduced DC-HRI; a self-adhesive, dual-cure resin-modified 
glass-ionomer restorative material, aiming to restore the deep carious lesion, 
combining the improved handling, self-adhesion and better mechanical 
properties compared with the conventional GICs. Additionally, they were 
designed to achieve this adhesion without priming or pre-treatment of the tooth. 
Despite the promising results of DC-HRI interactions with the demineralised 
dentine model, it is yet unknown how these materials react with natural carious 
tooth tissues. Remineralisation of hard dental tissues adjacent to RMGIC 
restorations has been reported (ten Cate, 1995, Yengopal and Mickenautsch, 
2011). Therefore, the aim of this study was to examine the possible mineralisation 
or caries arresting effect of this material when bonded to natural carious dentine 
tissues, compared to the commercial conventional high viscous glass ionomer 
restorative material and Bulk-fill resin composite restoration. 
Advanced optical imaging techniques such as two-photon fluorescence 
microscopy, lifetime imaging and second harmonic generation imaging were 
used in this study to assess the changes in the carious dentine tissue 
fluorescence behaviours and optical properties adjacent to different coronal 
restorative materials. Moreover, Raman spectroscopy has been used for the 
assessment of mineral content change (as mentioned in Chapter 2, section 2.1). 
It was used to monitor the phosphate mineral peak change in carious tissues 
following the storage with materials. The Raman mineral peak intensity analysis 
used in this study has been reported in the literature for monitoring the 
mineralisation effect of different materials on cartilage and on dental tissues as 
well (Sauer et al., 1994, Milly et al., 2014). 




Promising results in mineral evaluation have been achieved when tetracycline 
was used with caries-affected dentine (Watson et al., 2014) and with completely 
artificial demineralised dentine (Atmeh et al., 2015) using different remineralising 
agents. Further to the positive results with the partially demineralised dentine 
model formerly in this thesis (chapter 3). Sealing both infected and affected 
dentine with the restorative materials may influence mineral precipitation and 
ionic exchange with these substrates, and therefore mineralisation or caries 
inhibition may follow especially when they stored in a phosphate rich media such 
as phosphate buffered saline (PBS) solution (Tay and Pashley, 2008, Atmeh et 
al., 2015). Differentiation between the carious tissue zones was performed earlier 
based on their Knoop hardness values (KHN), (chapter 2). The same 
characterised carious samples were then used in this study to assess the 
changes in their optical, chemical and mechanical properties following storage in 
PBS with different restorative materials. Using these multimodal approaches may 
provide a valuable evidence in tissue repair or further demineralisation at the 
interface following storage. The null hypothesis of this study that there is no 
difference between the carious zones and materials groups in all examined 
properties. 
 
4.2 Materials and methods 
4.2.1 Sample preparation  
This study was divided into two stages. The first part was to characterise the 
carious lesion using two-photon microscopy and KHN before the restorative 
materials were applied. The second part was to examine the effect of the applied 
restorative materials on the optical, chemical and mechanical properties of the 
carious tissue zones including infected, affected and sound dentine after four 
weeks’ storage in PBS. 
In chapter 2, section (2.2.1), fifteen extracted carious human molar teeth were 
used for these characterisations. Samples were sectioned into two halves 
through deep carious lesions extending halfway through the dentine with no pulp 
exposure. Each carious sample had been characterised based on a previously 
marked reference point, to ensure the future recording of the same points after 
storage with the chosen dental materials. In this study, the same samples were 




used and were divided into groups according to the applied materials as shown 
in Table 4-1. Five carious halves were allocated to each material group; 5 halves 
bonded with the restorations and the other corresponding 5 halves were stored 
with no material as a negative control. All samples were restored and incubated 
in PBS (Oxoid Limited, Hampshire, UK) for four weeks. The storage solutions 
were replaced every 3 days. 
Table 4-1. Table shows the experimental groups according to restorative material used 










PBS PBS PBS PBS PBS PBS 




4 weeks 4 weeks 4 weeks 4 weeks 
Where DC+ carious dentine with DC-HRI, DC- carious dentine with no material, EQ+ 
carious dentine with EQUIA, EQ- carious dentine with no material, BF+ carious dentine 
with Bulk Fill, BF- carious dentine with no material. 
Following caries characterisation using two-photon imaging and microhardness 
testing, samples were rinsed with deionised water and sonicated in a water bath 
for 3 minutes to remove any surface debris. After that, each material was 
prepared and dispensed as per manufacturer’s instructions and was applied 
using a plastic instrument to one half of a carious tooth, leaving the other half to 
act as a negative control with no restoration. Future localisations of the previously 
examined points were enabled by leaving the reference mark exposed (see Fig. 
4-1). DC-HRI was an encapsulated form which was activated for 2 seconds using 
the Aplicap™ capsule activator (3M, USA) supplied from the company. It was 
mixed using the RotoMix™ Capsule Mixing Device (3M, USA) for 10 seconds. A 
further ten seconds light curing using Elipar™ Deep Cure-S LED curing light (3M, 
USA) was applied with 1200 mW/cm² intensity. Likewise, EQUIA Fill (GC, Tokyo, 
Japan) capsules were mixed and applied with no curing and were left to set for 
30 mins in a damp environment at 37°C temperature. Bulk Fill Filtek™ resin 
composite was used with Scotchbond™ Universal Adhesive (3M, USA). 
Scotchbond™ Universal adhesive was applied in a self-etch mode and cured as 




per the manufacturer’s instruction. Resin composite Bulk Fill was added, and light 
cured for 40 seconds. The reference point was left exposed as a future mark for 
cutting after storage. 
4.2.2 Characterisation of carious dentine after 4 weeks storage with materials 
Following storage, samples were rinsed with deionised water. The previously 
imaged points in each sample were precisely located and marked for cutting 
based on the reference angle. Then, the sample was sectioned using a hard 
tissue microtome (Isomet 1000, Buehler, Lake Bluff, IL, USA) equipped with slow-
speed water-cooled diamond wafering blade (Benetec Limited, London, UK) (300 
Rpm). After sectioning, all specimens were rinsed with deionised water and 
cleaned in ultrasonic bath for 3 minutes to remove any surface debris. All samples 
were then finished with wet 1200-grit carborundum paper for 30 secs, and 
samples were sonicated for 5 minutes to become ready for imaging. 
• Two-photon microscope imaging (AF, SHG intensities, spectrum and 
FLIM imaging) and their analysis 
A two-photon microscope was adjusted using the same setting and the laser 
power as those used in previous chapters (2 and 3), to evaluate the changes in 
dentine carious zones and sound tissues properties adjacent to the tested 
materials interface (Fig. 4-1). Data were obtained using a 20x 0.75 NA air 
objective lens, 854 nm excitation wavelength and 550 ± 20 nm, 427 nm emission 
filter for imaging to allow reliable comparisons (McConnell et al., 2007, Banerjee 
et al., 2010a). Autofluorescence (AF), second harmonic generation (SHG) 
intensity and fluorescence lifetime (FLIM) were recorded and analysed. All 
recorded data after storage were analysed the same way as before storage, for 
a reliable comparison. AF and SHG intensity images were analysed and their 
intensity was measured for each carious zone in each experimental group, using 
Image J analysis software (ImageJ, Wayne Rasband, NIH, USA) as shown in Fig. 
4-2. Likewise, FLIM images were analysed and the average lifetime was 
calculated using TRI2 FLIM analysis software (courtesy of Paul Barber, Grey 
Cancer Institute, Oxford). A bi-exponential model was used to fit the fluorescence 
decay curves for each point and then averaged for each tissue zone (caries-
infected, -affected and sound dentine tissue). Then the percentage change in 




intensity and lifetime were calculated for each point measurement using the 
following equation:  
                                                       ((Xa− Xb) / Xb)× 100%  
Where Xa refers to after storage, Xb before storage which have been recorded 
in the chapter 2.  
 
Figure 4-1. Experimental design for the sample preparation (A) previously recorded 
points including the carious zones and the sound controls points before storage. (B) 
Sectioning of the sample through the dentine/ restoration interface that was positioned 
at the carious line. An additional cut was applied through the sound internal control 
dentine/ materials interface points that was selected away from the caries line and based 
on the reference angle. 
 





Figure 4-2. Representative AF image showing how to select the dentine for intensity 
measurement using Image J software excluding the restoration from the analysis. 
 
• Knoop microhardness measurement (KHN) 
Following the two-photon and lifetime imaging recording, samples were re-
evaluated using 40x 0.65 NA objective and recorded using a Struers Duramin 
microhardness tester (Struers Ltd., Denmark). The same setting and applied 
forces used before storage were readjusted. The hardness number was 
calculated using the manufacturer’s software. Percentage change was calculated 
for each point using the same equation applied with the two-photon results for 
adequate comparison. After that, these measurements were allocated to the 
previously recorded points at the different carious zones. Samples were rinsed 
and ultra-sonicated for 3 minutes for the next imaging technique. 
• Raman spectroscopy and analysis 
Following two-photon and hardness evaluations of the interfacial dentine, Raman 
spectroscopy was used to quantify the mineral change in the different dentine 
tissue zones after storage with the applied materials. A Renishaw in Via Raman 




microscope (Renishaw Plc, Wotton-under-Edge, UK) in StreamLine™ scanning 
mode was used with the scanning parameters specified in (Chapter 2, Methods 
2.2.1). Calibration of the spectra was done before every use by taking a spectrum 
for reference silicon samples.  Prior to Raman measurements, each sample was 
focused, and the dental interface was positioned parallel to the horizontal line of 
a crosshair pointer and a montage image was created using the charge-coupled 
device (CCD) camera. Using a 20x 0.40 NA air objective, this interface was 
scanned using a 785 diode laser (100 mW laser power), and to obtain the Raman 
signal, a 600 lines/mm diffraction grating was used and centred between 849 cm-
1 and 1603 cm-1, with 2 seconds CCD exposure time. As this method was used 
to detect the change in mineral peaks, samples were positioned to acquire the 
signals along the interface with inter-spectrum distance of 2.7 μm in (Y) axis 
(covering the previously recorded caries zones by two-photon and hardness 
based on the reference point) and 50 μm from the materials toward the dentine 
in X axis. In-house curve-fitting software was used to fit the acquired Raman 
spectra. Then, using the Raman software, grey scale images and phosphate 
peak intensity depth profiles were generated at 959 cm-1 (PO4-3 v1). A Gaussian 
function was used to fit the spectra a first order polynomial option in the analysis 
software. To measure and analyse the Raman intensity peak, a Tiff image of the 
peak height was moved into Image J software. An area of 500μm X 500μm was 
then selected starting from the reference point at the dentine / material junction 
and along the Y axis (excluding any material in the selected area). Each average 
peak intensity value of a selected area was allocated to the previously recorded 
intensity and hardness values of different caries zones (Fig. 4-3), and then were 
statistically analysed. 





Figure 4-3. Sample preparation for Raman imaging showing (A) Representative clinical 
macrograph that show the selected area for Raman imaging including the different 
carious zones (infected, affected and sound dentine). (B) Montage image after Raman 
mineral peaks analysis. 
4.2.3 Statistical Analysis 
Multiple linear regression models were used to compare the effect of different 
applied materials and different tissue types on the intensity, lifetime and hardness 
number using the percentage change values and Raman peak intensity values 
after storage. All the analyses were carried out using Stata version 12.0 
(StataCorp LP, Texas, USA). 
4.3. Results 
4.3.1 Carious zones characterisation using the two-photon microscopy 
The carious zones were initially verified in chapter 2 using the laboratory “gold 
standard” KHN. Representative images of AF intensity and lifetime of different 
caries zones were presented in Fig. 4-4.  AF intensity results indicated a 




significant increase in intensity values from sound to infected dentine. On the 
other hand, FLIM decreases from sound to infected tissues, which is transferred 
from blue to more yellow/reddish toward sound tissues.  
 
Figure 4-4. Representative AF, FLIM images of different caries tissue zones before 
materials application are showing the increase in redness from infected layer toward the 
sound dentine which become redder in colour. The AF image was brighter in the infected 








Following the storage with materials and re-evaluation of the same properties, 
calculations of the percentage changes for each technique and statistical analysis 
showed the following results: 
A. Autofluorescence intensity AF (AU): 
The comparison of the average percentage change in AF intensity of different 
materials/dentine interface, against the control (no material) of each dentine layer 
were presented in Fig.4-5 
Caries-infected dentine (CID) 
A significant increase in the percentage change of AF intensity in both DC-HRI 
(24%±16) and EQUIA (28%±17.5) groups compared to the control (-29%±7) 
group (p=0.047, 0.029 respectively). Bulk Fill intensity (-36%±13) showed a non-
significant difference from the control group (p=0.9). 
Caries-affected dentine (CAD) 
Significant increase in %change was noticed in both DC-HRI (25.5%±18.7) and 
EQUIA (22%±10.4) from the control group (-20.5%±10.7), (p=0.047, 0.024 
respectively). Bulk Fill group (-28%±5.8) group showed a non-significant 
difference from control group (p=0.9). 
Sound dentine 















Auto-fluorescence (AF) intensity (AU) 
 
 
Figure 4-5. Graphs are showing the changes in AF intensity in the different carious 
zones (infected, affected and sound dentine). Significant increase in AF intensity was 
noticed in both infected and affected zones when bonded with DC-HRI and EQUIA 
against the control group as indicated using (*), with a decrease in Bulk Fill and control 
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B. Fluorescence life time imaging FLIM (ns): 
Caries-infected dentine 
Generalised increase in the fluorescence lifetime of all materials groups was 
observed but this increase wasn’t significant (Fig. 4-6) between materials and 
control groups (p=0.86). 
Caries-affected and sound dentine  
There were no significant changes noticed in both layers when bonded to all 
materials groups (p= 0.7). 
Fluorescence lifetime (ns) 
 
Figure 4-6. Graphs are showing the changes in FLIM in different carious zones (caries 
infected, affected and sound dentine). A non-significant increase in the lifetime was 
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C. Second harmonic generation SHG (AU): 
• General increase in the intensity of the infected dentine among all material’s 
groups except the Bulk Fill group although these changes were not significant 
from each other (p=0.29). 
• No significant difference between materials groups when bonded to affected 






Figure 4-7. Graphs showing that there was no significant effect from different materials 






























DC-HRI EQUIA Bulk Fill Control
Sound
   Second harmonic generation SHG (AU) 
 




4.3.2 Microhardness measurements 
• Results showed a significant increase in the hardness of the infected 
dentine when bonded to DC-HRI and EQUIA (12.6±7, 17.7±4.6), (p=0.007, 
0.001 respectively) compared to the control group (-11.14±2).  
•  No significant changes were noticed between the materials groups 
bonded to CAD (p=0.5).  
• The sound dentine substrate showed a comparable decrease in the 
hardness in all materials groups with no significant differences from 
controls (Fig. 4-8). 
Knoop hardness number KHN  
 
Figure 4-8. Representative graphs showed the percentage changes in the hardness of 
carious zones after storage with different restorative materials. The significant increase 
in hardness was only noticed in the caries infected dentine when bonded to DC-HRI and 
EQUIA. No significant changes were observed with the caries affected dentine substrate. 
However, decrease in hardness was noticed among all materials groups when bonded 
to the sound dentine. (*) denotes significant difference from control group. Error bars in 
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Figure 4-9. Representative two-photon imaging of the interface between caries-infected dentine/ DC-HRI, GIC 
and Bulk Fill composite. The figure compares baseline auto-fluorescence, second harmonic generation 
intensities and lifetime images for the caries-infected dentine before materials application with the after-storage 
images for each group (control, no material), (After storage material groups).





Figure 4-10. Representative Two-photon imaging of the interface between caries-affected dentine/ DC-HRI, GIC 
and Bulk Fill composite. The figure compares baseline auto-fluorescence, second harmonic generation intensities 
and lifetime images for the caries-affected dentine before materials application with the after-storage images for 
each group (Control (no material), (after storage group). 






Figure 4-11. Representative Two-photon imaging of the interface between sound dentine/ DC-HRI, EQUIA and Bulk 
Fill composite. The figure compares baseline auto-fluorescence, second harmonic generation intensities and lifetime 
images for the sound dentine before materials application with the after-storage images for each group (Control (no 
material), (after storage group).




4.3.3 Raman Spectroscopy  
Caries-infected dentine: 
The EQUIA group revealed the highest intensity values among all other 
substrates (133 AU± 12), (p=0.001). Then, DC-HRI and Bulk Fill groups 
presented similar values (105 AU± 6, 105 AU± 12) which were higher than the 
control group (70 AU± 6) (p=0.05). 
Caries-affected dentine: 
DC-HRI and EQUIA reported higher intensity values (170.5 AU± 9.6, 180 AU± 9 
respectively) compared to the control group (135.2 AU± 7) (p=0.025, 0.003). 
significant differences between the material groups were observed (p=0.001). 
Sound dentine: 
DC-HRI and EQUIA groups recorded the highest intensity values (189.4 AU± 20, 
194 AU±23 respectively) compared to the other groups. Bulk Fill showed a 
comparable value (160 AU± 5.4) to the control group (153 AU± 8.4). 
  





                                                     
 
 
Figure 4-12. Graphs showed Raman intensity values of different dentine carious zones. 
DC-HRI and EQUIA recorded the highest intensity among all substrates, while Bulk Fill 
showed comparable intensity values to the control groups (*) denotes significance from 
control group. 
4.4. Discussion 
In the current study, the interaction of the experimental restorative material DC-
HRI with non-excavated carious dentine layers has been compared to that of a 
restorative GIC (EQUIA Fill, GC, Japan) and a resin composite material (Filtek 
Bulk Fill, 3M, USA). The carious lesion zones have been characterised and 
differentiated from each other in chapter 2, using advanced optical imaging 
techniques together with mechanical and quantitative chemical Raman 
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Clinically, the suggested protocol for carious tissue interfacial assessment helps 
in understanding the behaviour of the new restorative material when applied in 
deep carious cavities. Minimal invasive dentistry (MID) aims to preserve the 
partially demineralised CAD, providing an adequate seal of the lesion to arrest or 
rejuvenate these tissues following their interaction with the tested restorative 
materials. In addition, it should ideally provide a mineral supply and anti-bacterial 
properties as well as chemical or mechanical bonding to the remaining dentine 
(Banerjee, 2013).  
GICs have been the material of choice for MID, thus they have been used as a 
control material in this study to compare their effect to those obtained with the 
experimental material. In addition, the Bulk Fill resin composite is usually used 
as a posterior permanent filling material in deep cavities, bonded with Scotchbond 
adhesive, aiming to provide an adequate seal of the lesion and so was also used 
as a comparative material. The experimental material combines the properties of 
GICs and resin-based materials, providing a hybrid self-adhesive material with 
improved mechanical properties and wear resistance. 
The unexcavated carious lesion model has been previously introduced and 
tested in an earlier study, to delineate between the carious tissue zones and their 
interaction with bio-interactive cements: Biodentine™ and GICs. 
Autofluorescence intensity and lifetime imaging techniques were used for these 
assessments, which were followed by the Raman spectroscopy and KHN 
evaluations. The results of that study confirmed the sensitivity and specificity of 
the tested techniques in determining the carious zones with a significant 
correlation between them. In addition, the bioactivity of both cements was verified 
by assessing the repair of the partially demineralised carious tissues (Sajini, S. 
2016). Following a similar protocol in the current study, carious tissue 
characterisation of all samples was successfully achieved in the first experiment 
(chapter 2). The examined points were re-located based on a previously marked 
reference point, to re-evaluate the carious zone properties following interaction 
and storage with the applied restorative materials, using the same setup used in 
chapter 2. The techniques used in this study enabled quantitative evaluation of 
the samples with minimal sample preparation and stain-free imaging. 




Moreover, samples in this study were stored in PBS. Earlier studies have 
confirmed the dentine ion uptake from the adjacent restoration when surrounded 
by phosphate-rich solution. Han et al. (2011) showed that both Biodentine and 
MTA have influenced the calcium uptake in the adjacent root canal dentine when 
stored in PBS solution (Han and Okiji, 2011). Several studies have reported the 
capability of MTA to form an apatite layer when in contact with phosphate-
containing physiological fluids (Reyes-Carmona et al., 2009, Gandolfi et al., 2010, 
Han et al., 2010, Han et al., 2015). The dentine ion uptake was more prominent 
for Biodentine than MTA at 30 and 90 days (Goldberg et al., 2009). Further study 
has reported that the Biodentine is able to interact with dentine forming a 
mineralised interfacial zone, with dentinal tubule tags formation, in the presence 
of PBS (Atmeh et al., 2012, Han and Okiji, 2013). Such processes could be 
mediated by the formation of calcium- (or strontium in case of the GIC) containing 
minerals such as hydroxyapatite, in the presence of calcium (from the hydrated 
cement) and phosphate (from the PBS) under high pH conditions (Watson et al, 
2014).  
The design of the present study allowed a precise comparison to be made 
between baseline and 30 days storage data because samples were examined at 
the same location as measured before storage.   




• Caries-infected dentine (bacterially contaminated) 
The results of this study showed an increase in AF intensity of the infected 
dentine when bonded to EQUIA and DC-HRI materials, while a reduction in the 
intensity was observed when bonded to the Bulk Fill composite, which partially 
rejects the null hypothesis. This increase in intensity may signify changes in the 
dentine microstructure as it was associated with an increase in both Raman and 
KHN values. On the other hand, SHG intensity has not been influenced when 
bonded to any of tested materials.  
As previously mentioned, the AF intensity is mainly influenced by changes in the 
dentine microstructure. Optical changes have been correlated to the change in 
the mineral content of the dentine in earlier study (Sajini, S. 2016). Results of the 
study presented in chapter 2 have shown an enhanced AF intensity associated 
with the infected dentine before the materials application, but this was associated 
with a reduction in KHN, indicating low mineral content compared to the sound 
dentine. Improvement of the AF intensity of CID was possibly attributed to the 
accumulation of porphyrin “cariogenic bacterial by-products” due to the dentine 
collagen breakdown during the caries process. As reported earlier in the review 
chapter (1.6.1), AF intensity can be originated from either organic or inorganic 
changes in the dentine structure. Foreman (1980) identified two fluorophores 
extracted from normal dentine and found that they are bonded initially to the 
organic constituent with possible secondary bonding to calcium (Foreman, 1980). 
However, an earlier study suggested that the dentine fluorescence may originate 
from inorganic complex with some organic components (Armstrong, 1963).  
In the CID, the dentine microstructure has shown a complete degeneration of the 
collagen matrix and loss of minerals that can play as a nucleation site for further 
remineralisation. Previous studies have suggested that GICs can re-mineralise 
tooth tissues through epitaxial growth of the remaining crystals, when nucleation 
site pre-exist (Kim et al., 2010b, Atmeh et al., 2015). The fact that carious lesion 
can be arrested by a good cavity sealing is also very well documented in the 
literature (Corralo and Maltz, 2013, Chibinski et al., 2016).  
When the AF intensity of the infected tissue improves after sealing with either 
EQUIA or DC-HRI, the only explanation for such outcome is related to mineral 




changes as the collagenous part is completely degenerated and can’t be restored 
at this substrate. Ionic interaction with the existing minerals remained following 
the dentine degeneration by the caries process is possibly suggested. Hence, an 
active interaction between both DC-HRI and EQUIA and the infected dentine 
tissue may follow. This interaction was expressed further as a significant increase 
in KHN and Raman mineral peak intensity % change values of both DC-HRI and 
EQUIA groups. The reported increase in the phosphate mineral peaks and regain 
the tissue hardness confirmed the mineral gain from adjacent materials. 
However, no ultrastructural evidence of mineral deposition or crystal formation 
could be detected in this experiment (Kim et al., 2010a).  
Mertz-Fairhurst et al. showed that after a 10 years of complete sealing of soft, 
wet and demineralised dentine in the floor of the cavity, the carious lesion did not 
progress further or jeopardise the restoration above it (Mertz-Fairhurst et al., 
1998b). This finding may indicate that microstructural changes in the infected 
dentine could occur when its properly sealed and hence the associated optical 
properties can be influenced. 
An in-vivo study on partial caries removal in permanent teeth showed signs of 
carious dentine remineralisation following 60 days of sealing. These signs include 
dentine reorganization with intertubular dentine thickening and the formation of a 
dense collagen network, as well as reduction of the bacterial count following the 
sealing with GIC, calcium hydroxide cement or wax (Corralo and Maltz, 2013, 
Kuhn et al., 2014). Some authors believe that fluorine uptake from the GIC plays 
a role in the repair and the remineralisation of the carious lesion (Ferracane et 
al., 2010).  
In contrast, some authors claim that the healing of the infected tissues was 
irrespective of the sealing material used, but was mainly influenced by the 
effective sealing of these tissues (Marchi et al., 2008, Corralo and Maltz, 2013, 
Kidd and Fejerskov, 2013).They provided evidence that dentine reorganization 
and mineral changes were irrelevant to the material placed in contact with the 
carious tissue, suggesting that the arresting of the carious lesion is a host-driven 
process, not a material-induced process. They claimed that the sealing of the 
cavity by any material isolates the bacteria from the oral environment and active 
biofilm, which in turn enables the regeneration from the dentine-pulp 




(Schwendicke et al., 2015). Cavity sealing changes the environment of the lesion 
through stimulation of tubular sclerosis and reduces permeability of the dentine 
and amount of the viable bacterial in the lesion (Paddick et al., 2005). 
These claims contradict present results as there was a significant difference 
between the materials groups, indicating the influence of the material interaction 
with this substrate.  Such results reinforce the bioactive potential effect of DC-
HRI and EQUIA materials in repairing or hardening of the infected dentine layer 
compared to the Bulk Fill composite group, despite the decrease in AF in Bulk Fill 
group which may reflect inhibition of caries process progression due to the 
adhesive mechanical interlocking between collagen fibrils.  
GICs materials are known with their anti-cariogenic properties due to the 
sustained fluoride release and recharging ability from the surrounding media. It 
has been suggested that the GIC ionic uptake occurs as a result of an equilibrium-
driven diffusion of aluminium, strontium and fluorine ions into the dentine matrix, 
which was depleted of Ca2+ ions (Ngo et al., 2006) . Therefore, our findings of the 
infected tissues interaction with GIC and the experimental materials agrees with 
this suggestion. 
One can assume a similar increase in the FLIM results as AF increases, when 
the infected tissues interact with EQUIA and DC-HRI. However, the results 
showed non-significant difference between the FLIM data. This outcome may 
attributed to the quenching effect of the low pH induced by the high bacterial 
amount within the infected tissues. Such results have been reported in an earlier 
study by Gannot et al (2004). The decrease in pH values leads to a reduction in 
the fluorescence lifetime as observed in caries characterisation studies (Gannot 
et al., 2004). However, compared to the FLIM data before material application in 
chapter 2, infected tissues exhibited a shorter lifetime. FLIM data increased 
following the interaction with the tested materials, which may reflect a sign of 
improvement of these tissue after storage although this increase was not 
significantly different from the control group. 
On the other hand, the significant decrease in AF intensity and hardness of the 
control group may be explained by the absence of the cross-striated banding 
pattern of collagen fibres due to the denaturation of collagen molecules. 




Regardless of the mineral deposition by EQUAI and DC-HRI in the infected 
tissues, the characteristic of collagen fibres was not restored. Thus, no changes 
were observed in the SHG intensity of any materials groups.  
The main difference between the present study and earlier studies is that the 
natural caries model evaluated in this study has included the infected dentine 
layer with no operative intervention. A clinical study has examined a similar model 
of deep caries sealing (including CID) in the primary teeth. Following 60 days of 
caries sealing, their results showed better dentine reorganization, substantial 
reduction in the number of bacteria, compact intertubular dentine and narrowing 
of dentine tubules when compared to the baseline data (Chibinski et al., 2016). 
However, similar results were also reported in previous studies when infected 
dentine was completely excavated (Massara et al., 2002, Wambier et al., 2007). 
Drastic reduction of bacterial count has been reported in the literature when a 
carious cavity is sealed irrespective of the materials used for sealing (Maltz et al., 
2012, Corralo and Maltz, 2013). Quantitative bacterial count measurement lies 
beyond the scope of the present study. Current results based on the assessment 
of optical, mechanical and chemical changes in the dentine substrate properties, 
may also support the reduction in the bacterial counts. It can be assumed that 
both synergetic actions of the applied materials together with the proper sealing 
and decrease of the bacterial activity have positively influenced the properties of 
the infected dentine.  
• Caries-affected dentine 
CAD substrate differs in morphology and composition from the CID. A 
conventional remineralisation strategy relies on the epitaxial growth of the pre-
existing apatite crystallites (Dai et al., 2011) which is regulated by the presence 
of non-collagenous proteins. The caries process is believed to induce the 
expression of organic matrix non-collagenous proteins. Therefore, CAD provided 
a suitable scaffold for a potential tissue healing due to presence of the residual 
minerals and the non-collagenous protein. Studies have shown the regulatory 
role of these proteins in dentine remineralisation as they are the key for the 
crystallites stability (Chen et al., 2015). Collagen scaffold maintains their banding 
pattern as in sound dentine, promoting crystal growth and remineralisation of the 




organic matrix. (Ohgushi and Fusayama, 1975, Nakornchai et al., 2004). Based 
on the results of the present study, bonding of CAD to EQUIA and DC-HRI has 
resulted in a significant enhancement in AF intensity together with an increase in 
the Raman phosphate mineral peak intensity, compared with other materials 
groups. Such results may reflect the tissue repair of this partially demineralised 
substrate because of interaction with such materials. One can expect an 
improvement in the other examined properties, as the AF and Raman are 
quantitative measures when tissue remineralisations take place. However, no 
significant changes were noticed in FLIM and SHG intensity between materials 
groups which partially accept the null hypothesis. AF and Raman findings are 
comparable to optical results obtained with the same materials interaction with 
the in-vitro demineralised dentine model (chapter 3).  
 
When samples bond to GICs, the release of fluoride and calcium/strontium ions 
due to acid/base chemical reaction of the GIC cement during setting provides 
GIC with the high potential for remineralisation of carious tissues (Ngo et al.  
2006). Furthermore, an ion-rich layer may be involved in subsequent 
remineralisation of remaining apatite crystals within the CID tissue (Sennou et al., 
1999).  
 
In theory, phosphate-based monomers should be able to bind to collagen, such 
as those found in adhesive materials. Scotchbond adhesive incorporates a 
phosphoric acid monomer, 10-MDP, which has a potential for chemical bonding 
to the calcium ions (Yoshida et al., 2004) and induce nucleation and growth of 
apatite crystal (Hayakawa et al., 2004). However, there is no evidence on the 
contribution of raw methacrylate phosphate ester monomers biomimetic 
mineralization of type I collagen. It is documented that phosphate esters (as those 
found in DC-HRI) with a negative charge, bind to the collagen gap zones with a 
positive charge to form a negatively charged surface which promotes 
mineralisation by establishing local ion supersaturation (Hartgerink et al., 2001). 
This interaction may simulate the interaction of the phosphoric acid ester 
monomer of the new experimental materials with the dentine collagen, especially 
when they stored in a phosphate containing media. Similar reactions were 
explained in an earlier study stating that “when the phosphorylated collagen was 




incubated in the simulated dentinal fluid (SDF) solution, the phosphate groups 
from the monomers initiated the mineral nucleation by attracting positively 
charged calcium ions in SDF” (Nurrohman et al., 2015). Therefore, calcium and 
phosphate will be consumed spontaneously and grow around the nuclei of the 
collagen fibres when they incubated in SDF. 
• Sound dentine 
Based on current results, the interaction of the tested materials with sound 
dentine has resulted in non-significant changes in their optical, chemical or 
mechanical properties examined, which indicates a minimal effect of the tested 
materials on the fluorescence and mechanical properties of the sound dentine. 
However, another study reported a degradation of the sound dentine when they 
interact with the calcium silicate cements due to their caustic effect and high 
alkalinity which indicate their adverse effect on the integrity of the dentine 
collagen matrix (Leiendecker et al., 2012). 
 
In conclusion: 
• The combined techniques have provided an effective protocol to study the 
changes in optical, chemical and mechanical properties of caries zones and 
sound dentine, following the interaction with range of highly viscous 
restorative materials.  
• Results have confirmed the potential bioactive action of both DC-HRI and 
EQUIA when bonded to CID and CAD.  
• Results confirmed the significant increase in AF and mineral intensity when 
interacting with these materials compared to the control with no materials. 
Such a finding may be due to the collagen structural changes when attached 
to apatites, which is associated with the improvement in the mechanical 
behaviour of these substrates. 
• Simple precipitation of minerals within tubules is most likely insufficient. 
Instead, intrafibrillar mineralisation and restoration of intertubular and 
peritubular dentine seem far more important.  
• Further analyses are required to evaluate the source of the observed mineral 
gains. Moreover, analytic systems which allow repeated measurements (e.g., 
wavelength-independent microradiography, μCT) could be advantageous. 






Chapter 5. The physical and morphological 
characteristics of the dentine interface with a novel dual 
cure hybrid resin ionomer (DC-HRI)  
 
5.1 Introduction 
Resin-based dental restorative materials are in continuous progression in their 
chemical composition, in order to overcome their inherent polymerization 
shrinkage, optimise the bond to dentine and to simplify their application 
procedures. In addition, there is an increasing interest in self-adhesive 
restorations since there is a reduced need for pre-treating the tooth surface to 
attain adhesion, as well as the operator benefits of single step application.  
As mentioned earlier, glass-ionomer cements (GICs) have unique properties that 
make them useful as restorative and adhesive materials; their ability to adhere to 
moist tooth structure and base metals, anticariogenic properties and low toxicity. 
However, RMGICs were introduced to offset the downsides of GICs such as poor 
aesthetics, early reduced mechanical properties, early moisture sensitivity, lack 
of toughness and wear resistance and their elongated setting time. In addition, 




they aimed to maintain their clinical advantage of adhesion to tooth structure, 
fluoride release and aesthetics.   
As discussed in previous chapters, recent innovations have introduced an 
experimental self-adhesive restoration, RMGI bulk-fill derivative that is 
convenient to place and adapt, with one-step application. Based on the performed 
optical and chemical evaluation results, this material as well as GICs have shown 
some potential of reactivity when bonded to both carious and partially 
demineralised dentine substrates.  
 
Mechanical testing has been used to evaluate and predict dental material 
performance and longevity. However, it has been difficult correlating laboratory 
tests with clinical performance and despite the plethora of in-vitro tests that have 
been performed, there are no truly predictive tests of long-term clinical 
performance (Green and Banerjee, 2011, Dennison and Sarrett, 2012). 
 
To some extent, one can predict aspects of the longevity of a restoration by 
assessing its adhesive ability and this can be evaluated by bond strength testing 
(Sirisha et al., 2014). Several testing methodologies have been used to assess 
the interfacial bond strength between dentine and different restorative materials 
(Yang et al., 2006, Armstrong et al., 2010, Bonifácio et al., 2012, Ilie et al., 2014, 
Stefaneli Marques et al., 2018). It can be measured using either macro- or micro- 
tests, depending on the area of the tested interface. A micro-shear test was used 
in the study proposed by (Shimada et al., 2002) allowing simpler specimen 
preparation, with a reduced risk of sample damage during thin stick preparation 
as is the case for the micro-tensile testing. However, the methodology itself can 
be challenging when using relatively viscous materials during sample 
preparation.  
The durability of the bonded restoration could also be affected by the nature of 
the dentine substrate: whether it is sound, demineralised or carious (Nakajima et 
al., 2011, Costa et al., 2017). A number of studies have confirmed the lower bond 
strength to CAD compared to sound dentine, though some of these bond strength 
values were found to be clinically acceptable (Ceballos et al., 2003, Rocha et al., 
2014, Ekambaram et al., 2015, Follak et al., 2018a). However, some studies 




found that bonding to CAD did not jeopardize the bond strength in comparison to 
sound dentine (Alves et al., 2013, Suzuki et al., 2013). For this reason, to 
overcome the variation in the results between studies, creation of CAD artificially 
in a standardized laboratory model might represent an important contribution to 
in-vitro studies.   
Several models of artificial carious lesion formation have been used to improve 
the understanding of caries pathogenesis, preventive treatment, caries removal, 
and the adhesive efficacy of restorative materials (Joves et al., 2013). These 
methods can be chemical (pH cycling and acidified gel) or microbiological 
(bacterial) methods (Marquezan et al., 2009, Yu et al., 2017). They have aided 
the assessment of adhesion properties to dentine (Garcia-Godoy et al., 2010) or 
the physical and mechanical properties of human dentine (Gopalakrishna, 2009). 
However, acid etching using 37% phosphoric acid (PA) has been used frequently 
as a method to facilitate bonding to both enamel and dentine, yielding a simple 
demineralised model, with partial removal of mineral from inter-tubular and 
peritubular dentine and exposing collagen fibres (Perdigão and Lopes, 2001). It 
can be used as a standardised method for testing a new material. Thus, the 
choice of dentine demineralisation depends on what the aim of the investigation 
is.  
 
Clinical problems such as micro-leakage and fluid influx can be prevented by 
effective sealing and intimate bonding at the tooth-restoration interface (Carvalho 
et al., 2012). This can be evaluated by different laboratory methods including 
nanoleakage, micro-leakage and micro-permeability. A direct reflective technique 
using two-photon fluorescent label assisted micro-permeability assessment was 
used in this study.  
Aims:  
1- Evaluate and compare the interfacial properties of a new experimental dual 
cure hybrid resin-ionomer DC-HRI (3M) material with dentine, to those achieved 
with conventional GICs, EQUIA Fill (GC) and Filtek™ Bulk Fill composite bonded 
with Scotchbond™ Universal adhesive (3M).  




2- Examine the effect of bonding to different dentine substrates; sound, 
demineralised and natural caries-affected (CAD) dentine on the bond strength 
results. 
3- Assess the change in the bond strength values following storage. 
These could help predict the adhesion performance and short-term deterioration 
of the new restorative material. These evaluations and assessments were carried 
out using micro-shear bond strength testing (µSBS) and the two-photon excitation 
microscopy for morphological evaluation.   
The null hypotheses were that:  
(1) There is no difference in the bond strength between the substrates (sound, 
demineralised, CAD).  
(2) There is no difference between the tested materials in bond strength to these 
respective dentine substrates. 
(3) Aging of the dentine/restorations interface has no influence on their bond 
strength.  
(4) There is no difference in morphology of these respective interfaces. 
  




5.2 Materials and Methods 
5.2.1 Micro-shear bond strength test (µSBS) 
• Sample selection and preparation 
A total of 90 teeth were utilised in the micro-shear bond strength evaluation, with 
270 flat dentine slices. Sixty extracted sound human molar teeth and thirty carious 
teeth were collected using ethics approved by NHS Health Research Authority 
(Reference 16/SW/0220) and refrigerated in deionised water within one-month 
post-extraction. The roots of all teeth were sectioned transversely below the 
cemento-enamel junction using a slow-speed (300 rpm) water-cooled diamond 
wafering blade XL 12205, (Benetec Ltd, London, UK). Each tooth was sliced 
mesio-distally to obtain 2mm-thick dentine slabs which were distributed randomly 
into three major groups; sound, demineralised and carious dentine groups (n=30 
each group). Teeth selected for the carious bond test group, contained a coronal 
“moderate” carious dentine lesion, surrounded by healthy dentine, limited to the 
occlusal surface and extending halfway from the enamel-dentine junction to the 
pulp chamber. The selection of these samples was judged after sectioning 
through the lesions. All dentine slabs were polished using 600-grit silicon carbide 
(SiC) paper for 60 seconds (Tedesco et al., 2013), to standardise the smear layer 
and then sonicated for 3 minutes. To localise the CAD, random selected points 
using the Knoop hardness test was measured with hardness number range from 
25-40 as shown in Fig. 5-1. The dentine surface was covered by an adhesive 
yellow vinyl tape (1231-8767, Fisher scientific, Laboratory equipment supplier in 
Loughborough, England) having an exposed window of CAD (1.6-mm in 
diameter). Each group was further subdivided based on the material used; DC-
HRI, EQUIA Fill and Filtek Bulk Fill composite with Scotchbond Universal 
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Figure 5-1. Representative sample for caries-affected dentine used in this study that 
previously was characterised by Knoop hardness test. 




• Simple partial demineralised dentine model (phosphoric-acid etched dentine) 
For the partially demineralised dentine group (n=30), dentine slabs were 
subjected to acid etching using 37% phosphoric acid gel for 60 seconds to create 
the partially demineralised dentine lesion (Gopalakrishna, 2009, Cao et al., 
2013). Samples were then cleaned in an ultrasonic bath for 3 minutes.  
• Bonding procedures and micro-shear bond test 
Tygon tubing (Saint-Gobain, USA) with a 2-mm length and 1.6-mm internal 
diameter was placed over a pre-adjusted adhesive tape with a 1.6-mm width 
exposed window on the flat dentine surface and filled with the different materials 
as per the manufacturers’ instructions (Fig. 5-2 a, b). All groups (n=10) were 
stored in phosphate buffered saline (PBS) at 37°C for 24 hours or 4 weeks before 
testing. The tubes were removed using a sharp scalpel (Swan-Morton, Sheffield, 
England) and any pre-test failures (PTFs) were recorded but not included in the 
statistics. Instead, percentage of failure was calculated and displayed in Fig. 5-4. 
The samples were fixed to the micro-shear test device using cyano-acrylate 
cement (Zapit, Dental Ventures of America, USA). The device was attached to a 
SMAC LAL300 linear actuator (SMAC Europe Ltd, Crawley, UK). The shear force 
was applied at a crosshead speed of 1 mm/min until failure occurred using 
orthodontic stainless-steel wire (0.2-mm in diameter) looped around the material 
cylinders (Fig.5-2, C). The micro-shear bond strength (t) in MPa was calculated 
using the equation: 
t=F/(πR2) 
Where F was the applied load at failure and R was the radius of the material’s 
cylinder. 
• De-bonded failure mode evaluation  
After de-bonding, the mode of failure was determined using a stereomicroscope 
(Kyowa Optical Co. Ltd., Tokyo, Japan) with x20 magnification. It was categorised 
into adhesive, cohesive and mixed failures (Armstrong et al., 2010). 
Representative samples (n=10) were selected randomly from each group and 
examined using a scanning electron microscope (SEM) (Hitachi S3500, Japan). 
Prior to the SEM evaluation, samples were air dried and gold sputter-coated at 
45 mA current for 2 mins (Emitech K550, Kent,England). The samples were 
examined under a high vacuum with 10 KV at different magnifications (x30, x700).  





Figure 5-2. Steps of micro-shear samples preparation and examination: (a) adjust the 
polyvinyl tubes on the flat dentine surface. (b) fill the tube with the tested materials as 
per manufacturer’s instructions, then gentle removal of the tube following storage and 
directly before the test was performed. (c) fix the dentine sample on the metal jig and run 
the micro-shear test until failure occurs. 
5.2.2. Sample preparation for two-photon microscopic interfacial evaluation  
Roots were sectioned at the cemento-enamel junction level to expose the pulp 
chamber. Cervical cavities were prepared with dimensions 4x4x7mm using 
carbide flat end fissure and diamond burs in the buccal and lingual surface of a 
further fifteen sound molar teeth (Atmeh et al., 2012). Pulp tissue was gently 
extirpated from the pulp space. Then, samples were distributed into two groups 
for evaluation:  
• Morphological interface group (n=6)  
All tested materials were labelled with 0.025 mg of fluorescein powder (F6377 
Sigma-Aldrich, Dorest UK) to evaluate the labelled materials’ interaction with the 
dentine. The cervical cavities were then restored according to the manufacturers’ 
instructions, one day before the test was conducted. Bucco-lingual sectioning 
was then performed to expose the dentine/restoration interface. Sequential 
polishing of the exposed surface using 1200, 2000, and 2500 SiC papers 
followed. Samples were sonicated with deionised water for 3 mins between grits 
and for 5 mins after final polishing. 
 
• Micro-permeability group (n=9) 
In this group, all the buccal cavities were previously etched using 37% phosphoric 
acid etchant gel for 1 min, to act as demineralised dentine model similar to those 
used in the micro-shear testing, while the lingual cavities were restored following 
the manufacturer’s instructions (self-etch mode). The tested materials were 
labelled using 0.025mg of fluorescein powder and incubated in humid 




environment for 24hr in PBS at 37˚C. On the day of imaging, teeth were inverted 
and mounted upside down in a water-filled container to keep the dentine wet, to 
a level not reaching the top surface of the exposed pulp chamber (Sidhu and 
Watson, 1998a). An aqueous 0.25% solution of rhodamine-B (R6626-Sigma-
Aldrich, Dorset, UK) was injected into the pulp space using an endodontic syringe 
until the level of the dye was well above the level of the restoration and left for 3 
hours before the specimens were sectioned. Dye solution was injected 
periodically while it was being taken by the dentine tubules or by the restorative 
material.  After being stained, all samples were removed from the wet medium 
and the dye was thoroughly rinsed by water from the pulp chamber. The teeth 
were then sectioned longitudinally through the restorations, with a slow-speed 
diamond saw running under water (Benetec Limited, London, UK) (Fig.5-3 a, b). 
Each half was gradually polished using 1200, 2000, and 2500 grit SiC papers for 
30 seconds each and ultra-sonicated with deionised water in ultrasonic bath 
cleaner for 3 mins in between and 5 mins after final polishing to remove the loose 
debris from the sectioning and polishing process. Samples were transferred for 
two-photon imaging for qualitative evaluation of their interfacial morphology. 
 
Figure 5-3. Micro-permeability sample preparation; following cavity restoration with 
fluorescein labelled restorations for 24hrs before imaging. (A) injection of an aqueous 
solution of rhodamine B into a cleaned pulp chamber of up-side down mounted restored 
teeth, it was left for 3 hours before sectioning. (B) Bucco-lingual sectioning through the 
dentine material interface and polished with serial SiC papers (1200, 2000, and 2500) 
and ultra-sonicate for 3 mins in between and 5mins after final polishing.  
 
 




• Pilot study (n=4) 
In this group, eight cavities were prepared on four teeth including mesial and 
distal cavities in each tooth. Mesial cavities were restored by DC-HRI and distal 
cavities were filled by the light cured resin modified glass ionomer cement (Fuji II 
LC, GC Corp., Tokyo, Japan) according to manufacturers’ instructions to 
compare the micro-permeability of these materials. The tested materials were 
labelled as mentioned in the previous section.  
5.2.2.1 Two-photon imaging   
An in-house built two-photon fluorescence microscope with a Nikon inverted 
fluorescence microscope base (Eclipse Ti, Nikon, UK) was used for permeability 
evaluation. It had a repetition rate of 80 MHz and pulse width 140 fs with tuneable 
wavelength (between 680-1080nm) Ti: Sapphire pulse laser (Chameleon vision2, 
Coherent UK Ltd, Ely, UK). The infrared two-photon signals were detected using 
a photomultiplier tube (PMT) (HPM-100-40, Becker & Hickl, Germany), using a 
40x 1.4 NA oil immersion objective lens (Nikon UK Limited, Kingston Upon 
Thames, UK), with cover slide glass 20x22cm. 854 nm excitation, 510 ±42 nm 
emission filters for fluorescence, 1020 nm excitation, 510 ±42 nm emission for 
second harmonic generation (SHG) and 790 nm excitation, 650 ±40 nm emission 
were used for rhodamine-B uptake evaluation. The obtained images were 
analysed and montaged using ImageJ software (ImageJ, Wayne Rasband, NIH, 
USA). 
5.2.3 Statistical analyses  
A linear model (regression model) was used to test the effect of materials, 
substrates and time on bond strength. The model was used to find out the 
significant predictors of strength. The p values given for the linear combinations 
were not adjusted for multiple comparisons. The normality of the outcome was 
checked using histogram, boxplot and Shapiro Wilk’s test. Since the outcome 
was not normal, the values were log transformed and the transformed data were 
used for the analyses. The initial model included the main effect of material, 
substrate, time and the interaction terms between material and substrate, 
material and time, substrate and time. Only significant interaction terms were 
included in the final model along with the main effects. Further post hoc analyses 
were then carried out to find out which combination was significant. The 




significance was assumed at 5% level. All the analysis was carried out using 
Stata version 12.0 for windows (Statacorp LP, USA). Failure modes and pre-test 
failures (PTFs) of different substrates were presented using percentages (Fig. 5-
4, 5) and were not included in statistical analysis. 
5.3 Results  
5.3.1 Micro-shear bond strength test  
The results of the µSBS of all experimental groups and standard errors of means 
are summarized in (Fig.5 a, b). The pre-test failures (PTFs) percentages are 
presented in parentheses within the figures. 
• Time effect: When considering the interaction between time vs. material type 
and time vs. substrate, the interaction effects generally were not statistically 
significant, (p=0.89 and 0.78 respectively) except those labelled with ^ in the 
graphs that indicated significance when storing EQUIA (Fig.5-4 B) in the 
demineralised group (p<0.05), and DC-HRI and Bulk Fill (Fig. 5-4 A) in the 
caries group (p=0.001). 
 
Figure 5-4. Mean micro-shear bond strength values (MPa) before and after aging the 
materials (DC-HRI, EQUIA Fill, Filtek Bulk Fill) with different dentinal substrates. Error 
bars depict standard errors of means, * Indicates a statistically significant difference 
(p<0.0001) from DC-HRI in identical testing conditions. ^ Indicates a statistically 




















Mean micro-shear bond strength values (MPa)














%(36.3)(31.8)(6.2)   (37)(31.2)(15)    (20)(36)(25)     (22)(41.6)(33) )    (32)(58)(0)     (47)(58.6)(30)  




significant difference between sound and caries storage groups. % represents 
percentage of pre-test failures (PTFs) in parentheses. Graph is showing the difference 
in the mean bond strength of different material groups with different substrates at 
different storage time.   
• Substrate effect: The analyses showed that the mean bond strength for each 
material differed significantly between the substrates regardless the storage 
timing as shown in Fig. 5-4. The interaction between materials and substrates 
was statistically significant (p<0.001) and hence this term was included along 
with the main effects of materials, substrates and time in the analysis model. 
A significant increase in the bond strength of both the demineralised DC-HRI 
and EQUIA groups was found when compared to the sound and carious 
groups. No significant difference was found between sound and 
demineralised resin composite (Filtek Bulk Fill) groups (p=0.24) but it was 
significant with the carious group (p<0.006). 
 
• Material effect: DC-HRI in the carious group recorded a significantly higher 
bond strength compared to EQUIA within the same group (p<0.001). When 
considering different materials in the same sound group, a significant increase 
of the bond strength of the sound DC-HRI was found compared to the EQUIA 
values in the same group (p<0.006). Filtek Bulk Fill recorded the significant 
















5.3.1.1 De-bond failure mode evaluation 
Assessment of mode of failure showed the predominance of failures was 
adhesive in nature between the material and the substrate, followed by mixed 
failure and a few cohesively within the materials, as shown in Fig. 5-5. This result 
might not reflect the true interfacial bond strength. Representative SEM images 
in different failure modes are also presented (Fig. 5-6). Compared to the sound 
group, the percentage of pre-test failure (PTFs) of DC-HRI was decreased with 
the demineralised group while recording the same as or higher with the carious 
group. In contrast, PTFs of EQUIA were increased with the demineralised group 
and even more with the caries group. Filtek Bulk Fill resin composite also showed 
an increase in PTFs % with the demineralised group but the sound and carious 
groups recorded similar PTFs. 
  







Figure 5-5. Graphs showing the mode of failures of tested materials with different 
dentine substrates in different storage timing. The majority of failures were adhesive in 
nature, followed by mixed and cohesive that were minimal.  A similar pattern of failure 
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was noticed between DC-HRI and EQUIA within the demineralised group. In both sound 
and carious groups, DC-HRI materials showed a similar figure of failure. 
 
Figure 5-6. Representative SEM micrographs showed different patterns of DC-HRI 
failure with different substrates. Mixed failure of the demineralised dentine storage group 
showed a combination of empty (A) and blocked tubules (C) (A1, 2). Cohesive failure of 
demineralised dentine within the material with dentinal tubules blocked with the material 
(B1, 2). Adhesive failure of 24hrs sound dentine showed the empty opening of the 
dentine tubules (C 1, 2). 
  




5.3.2 Two-photon interface evaluation 
5.3.2.1 Morphological interface group of single-labelled materials 
Representative images of the fluorescein labelled DC-HRI dentine interface 
showed the distribution of the fluorescein within the adjacent dentine substrate 
and into the lateral dentine tubules branches as indicated by the red arrows 
(Fig.5-7). In addition to the difference noticed in the interfacial layer thickness 
when bonded to sound and demineralised dentine substrates, sound dentine 
showed a 6-10 µm ± 2.3 wide hybrid interfacial layer, while the demineralised 
dentine showed a 21 µm ± 3 wide as labelled by yellow dash lines in Fig.5-7 a, b. 
 
Figure 5-7. Representative two-photon fluorescence images of fluorescein labelled DC-
HRI material bonded to sound and demineralised/etched dentine. (a) thin interfacial layer 
(6-8 µm), with a lateral diffusion of fluorescein dye into the lateral tubules, labelled by red 
arrows, which indicates the initial acidity of the material, and may reflect changes in the 
peritubular and inter-tubular dentine. (b) Thicker interfacial layer (21 µm) due to the pre-
etching of the dentine surface using 37% phosphoric acid gel for 60 seconds to create 
the simple artificial caries affected dentine (CAD) model. Both sound and demineralised 
dentine hybrid interfacial layers are indicated by the yellow dashed lines. 
5.3.2.2 Double-labelled micro-permeability  
Representative two-photon interfacial images of double labelled micro-
permeability samples are displayed in Fig. 5-8,9,10 for both sound and 
demineralised dentine of all the material groups. The green channel represents 
the fluorescein labelled materials to show their distribution into the dentine 
tubules. The red channel reflects the rhodamine-B diffusion through the interface, 




whilst the blue channel records the second harmonic generation signals which 
reflect the collagen state of the dentine. 
Representative two-photon images of the experimental material DC-HRI (Fig.5-
8) revealed a thin bright band along the interface that was hybridised in both 
etched and non-etched dentine with a thicker interfacial layer in the etched group 
as shown in Fig.5-8. a1, e1. The two-photon qualitative analysis of the DC-HRI 
group showed the permeability of the interface and dye uptake by the material 
resulting in an appearance of an absorption layer (Fig.5-8 b1, f1). It also showed 
a good adaptation to dentine with no voids or gaps noticed either in sound or 
demineralised dentine groups. Diffusion of the fluorescein dye from the material 
into the lateral dentine tubules was noticed (Fig.5-8 a1, e1). Rhodamine-B can 
be noted permeating from the pulp and diffusing into the restoration above the 
interface with minimal mixing with fluorescein in the sound dentine group (Fig.5-
8. d1). However, the demineralised dentine group showed diffuse mixing of both 
dyes below the interface pointed by the black arrows (Fig.5-8 h1).  
 
Figure 5-8. Representative 2-Photon micrographs of DC-HRI/ dentine interface with both 
sound and etched dentine. Column a, e (green) shows the fluorescein-labelled material 
and intrinsic dentine autofluorescence, column b, f (red) represent the rhodamine-B dyed 
pulpal fluid, column c, g (blue) show intrinsic fluorescence images of dentinal collagen 
as a reference called second harmonic generation (SHG). Column d, h (combined) show 




Cont. (Fig.5-8): a composite image of the three channels. These channels showed 
fluorescein diffused below the dentine/material interface and into the lateral dentine 
tubules (a1, e1), together with the permeation of rhodamine-B through the interface into 
the restoration above the interface (b1, f1), with the minimal mixing of the dyes at the 
sound dentine interface (d1), and a diffuse mixing of the dyes was noticed in the 
demineralised dentine below the interface (black arrow h1).This mixing may indicate that 
the acidity of the material affected the inter-tubular and peri-tubular dentine structure. 
However, a clear hollow space just above the interface was also noticed in both sound 
and etched groups (a1, e1), which has been filled by the rhodamine dye as labelled by 
the yellow arrow in (b1, f1, e1, h1). No mixing of rhodamine and fluorescein at this space 
was found as presented in (d1, h1), this band was only characteristic to the DC-HRI 
group only. SHG channels showed an intact collagen in the sound group (c1), with a 
minimal change in the superficial dentine layer (labelled by white arrows in g1) duo to 
etching of dentine in this group. 
 
The EQUIA group showed a gap at the interface in the sound dentine group 
(Fig.5-9 a3, d3, yellow arrows). A diffusion of rhodamine dye in the gap and a 
minor absorption of rhodamine-B into the EQUIA was noticed (Fig.5-9 b3). 
Rhodamine-B penetrated from the pulp through the dentine tubules into the 
interfacial layer, thus characterizing the interface with the presence of multiple 
cement projections (Fig.5-9 b3, f3). In the sound dentine group, no mixing of 
fluorescein and rhodamine-B was noticed (Fig.5-9 d3). However, mixing of dyes 
was observed in the demineralised dentine group just below the interface, 
presented as a yellow layer (Fig.5-9 h3, white arrows) (Sidhu and Watson, 1998a, 
Atmeh et al., 2012).  





Figure 5-9. The EQUIA group did not show the fluorescein diffusion into the sound 
dentine group (a3), with minimal penetration of the dye in the demineralised group (e3). 
Gap was noticed in the sound dentine group at the interface as labelled by yellow arrows 
(a3, d3). Rhodamine-B labelled multiple cement projections were clearly noticed in both 
groups (d3, h3), with a partial seepage into the cement matrix (d3, h3). Both dyes were 
clearly mixed at and below the interface in the demineralised dentine group (white 
arrows, h3).  





Filtek Bulk Fill resin composite group bonded with the Scotchbond Universal 
adhesive showed multiple spherical voids along the interface, a thin hybrid layer 
and concentration of rhodamine-B dye at the hybrid layer in the sound dentine 
group (Fig. 5-10 A3, d3), with thicker and well-defined resin tags in the etched 
group (Fig.5-10 h3, white arrows). No lateral seepage of rhodamine-B or 
fluorescein was noticed with this material. Second harmonic generation (SHG) 
was used as a reference to detect changes in the dentine collagen. It showed a 
lighter colour in the superficial dentine layer in both groups with a thicker 
demineralised dentine noticed in the etched group (Fig.5-10 g3, as labelled by 
yellow arrows).  Scotchbond Universal adhesive did not provide adequate tubule 
sealing allowing interfacial leakage of pulp fluid.






Figure 5-10. Filtek Bulk Fill group displayed a fluorescent labelled adhesive layer in 
sound dentine with short resin tags obtained in the sound dentine (a3). Spherical voids 
were also noticed at the junction between the fluorescein labelled adhesive and 
rhodamine-B dye diffused from the pulp at the interface (d3, white arrows). However, in 
the demineralised/etched dentine, the scalloped appearance of well-defined resin tags 
was presented with mixing of dyes at the interface but no diffusion into the composite 
structure (h3). SHG images of both groups reflect alteration in the superficial layer of the 
collagen image due to etching with variable thickness of this layer (c3, g3, yellow arrows). 
5.3.2.3 Pilot study 
Two-photon micro-permeability qualitative evaluations showed that DC-HRI 
behaves in a similar way to Fuji II with a diffuse absorption of rhodamine dye by 
Fuji II (Fig. 5-11 a). However, DC-HRI showed a more localised layer of 
rhodamine dye in the area just above the interface but not totally diffused in the 
restoration matrix (Fig. 5-11 b). 





Figure 5- 11. Representative 2-photon micro-permeability micrographs of (A) Fuji II LC 
RMGI which showed complete absorption of rhodamine-B dye through the material bulk, 
with thin hybrid layer formation. (B) DC-HRI showed the absorption layer confined to the 
area of the material adjacent to the interface with a thin interfacial zone and lateral 
infiltration of fluorescein dye released from the labelled material. 
5.4. Discussion   
Bonding to dentine substrates, whether sound or carious, is less reliable and 
more complex than enamel bonding due to the complicated structure of the 
dentine (Swift, 2002). The ultimate goal for dentine adhesion is to obtain an 
effective and durable interfacial bond with an adequate seal to dentine (Swift et 
al., 1995). Several studies have been conducted to examine the bond strength to 
the sound dentine which does not necessarily represent the most common 
dentine type encountered during clinical restorative procedures. The expected 
substrate in the clinical situation is caries-affected dentine following the removal 
of caries-infected dentine.  
Since there is no data about the experimental self-adhesive DC-HRI (3M, USA) 
materials, this study has assessed its interfacial properties with different dentine 
substrates in comparison to other commercial self-adhesive bulk-fill restorative 
materials such as conventional glass-ionomer EQUIA Fill, (GC, Japan) and Filtek 
Bulk Fill bonded with Scotchbond Universal adhesive (3M, USA). The 
manufacturer claims that DC-HRI bonding does not require pretreatment of the 
dentine, as it is a self-adhesive bulk-fill hybrid restoration.  
It is unknown how the experimental material adheres to tooth substrate. 
Theoretically, from its composition, as previously mentioned with RelyX™, it can 




be assumed that the phosphoric acid ester monomer (PAE) reacts with calcium 
in the tooth hydroxyapatite (HAp) via substitution of PO43-- and OH--groups 
and/or by decalcification of HAp, resulting in the formation of diverse solid 
products (Fukegawa et al., 2006). Hence, a micromechanical bond could be 
initiated and followed by chemical adhesion. Their initial reaction is mainly 
depending on the free radical methacrylate polymerisation which was either 
activated by chemical or photochemical routes to initiate the cross-linking 
polymerisation. An acid-base reaction further proceeds, and the pH rises from 2-
4 in the first hour, which is neutralised gradually to reach pH 7 within 24-48h due 
to the release of water and alkaline filler that raises pH level and buffering 
components of the smear layer. Following neutralisation, the material transforms 
from the hydrophilic state into the hydrophobic state which minimises water 
absorption, further swelling and should reduce the material deterioration due to 
hydrolysis. 
This study investigated the performance of the experimental material DC-HRI 
with natural caries or artificially demineralised dentine compared to the sound 
dentine, by measuring the micro-shear bond strength. The sealing ability of the 
tested materials was also evaluated with sound and etched/demineralised 
dentine using fluorescent labelled two-photon microscopy. In previous studies, 
these tests have been performed on natural lesions after in-vitro removal of the 
caries-infected dentine (Nakajima et al., 2005, Wei et al., 2008, Joves et al., 
2013). It has been reported that there is a significant difference in bond strength 
values between hand and Carisolv caries excavation. Laser caries excavation 
also showed a difference in bond strength outcomes from bur and 
chemomechanical caries removal (Banerjee et al., 2010b, Yildiz et al., 2013). In 
this study, natural caries-affected dentine (CAD) was selected and characterised 
without any mechanical debridement or intervention to exclude operative factors 
that might contribute to the final result.  
The natural CAD substrate presents a variation in lesion depth, mineral and 
organic content which makes its use as a standardized substrate for laboratory 
research difficult (Marquezan et al., 2009). Therefore, creation of a demineralised 
dentine model was undertaken for standardisation and comparative purposes. 
This study implemented the acid gel etching method using 37% phosphoric acid 




etching for 60 seconds which provides a partially demineralised substrate with an 
intact organic matrix similar to that found in natural caries-affected dentine 
(Kuboki et al., 1977, Cao et al., 2013).This protocol demonstrated a direct 
demineralisation effect and simple method compared to the prolonged sample 
emersion in EDTA (Garcia-Godoy et al., 2010), acetate or lactic acid which 
necessitate immersion of the samples for a few days or weeks.The present study 
compared natural caries, a partially demineralised (by etching) dentine surface 
with sound dentine substrates and their influence on the obtained bond strength 
values. All samples were stored in physiologic phosphate buffered saline (PBS), 
which may closely mimic intraoral conditions and influence the materials ionic 
exchange with the tooth structure (Colon et al., 2010). 
5.4.1 Micro-shear bond strength test:  
Unlike the micro-tensile test that creates micro-cracks during specimen 
preparation, the micro-shear test is simpler and less stressful to the sample itself 
(Roeder et al., 2011). It could be a viable test when evaluating brittle materials, 
having a low modulus of elasticity, such as GICs (Bonifácio et al., 2012). The 
great variability in bonding protocols and testing conditions makes it difficult to 
compare results from one research laboratory to another. Bonifacio et al 
compared the adhesion of GICs to sound dentine with micro-shear or micro-
tensile bond strength tests, reporting that both tests resulted in different material 
rankings and failure patterns (Bonifácio et al., 2012). The micro-shear bond test 
measures more accurately the strength in the adhesive interface (Tedesco et al., 
2013).  
In the current study, a looped orthodontic wire was used for micro-shear testing 
instead of the blade as mentioned by Shimida et al. (2002). Barga et al. claimed 
a lower bond strength was obtained when using a chisel as a loading device 
(Braga et al., 2010). Specimens were tested after 30 days, a time after which the 
hybrid restoration would have completed its polymerization chemically, rendering 
the bonding region more resistant physically to micro-shear forces. However, the 
mechanism of Scotchbond Universal adhesives bonding to dentine differs from 
those with GIC and RMGIC and their polymerization should have been completed 
immediately after curing. 




Results from both bond strength and morphologic two-photon microscopy 
evaluations suggest that the characteristics of the substrate directly impact the 
bonds formed. All tested materials exhibited higher bond strength to the 
demineralised dentine group compared to both sound and natural caries-affected 
dentine. Thus, the first null hypothesis was rejected, as the substrate type has 
significantly influenced the bond strength results of the three materials groups. 
Such result agrees with the findings of previous work reported a higher bond 
strength of RMGIC to the demineralised dentine (Zhao et al., 2017). However, 
this result contradicts the findings of Alves et al, which showed that GIC bond 
strength to primary teeth wasn’t affected by the type of the substrate whether 
sound or CAD (Alves et al., 2013). This might be attributed to the difference in 
microstructural and chemical structure between primary and permanent teeth 
which result in different bond strength outcomes. 
A further study also reported that RMGIC showed a lower tensile bond strength 
when bonded to the carious permanent teeth (Choi et al., 2006). Direct 
comparisons between these studies are difficult to be applied, as the type of tests 
and substrates were different from those used in the present study. 
Differences in morphology and physical structure of dentine substrates are key 
factors contributing to the variability of the formed bonded interfaces. Previous 
studies have reported that bonding to the natural caries-affected dentine (CAD) 
provides lower bond strength than that to normal dentine regardless of the type 
of adhesives used (Nakajima et al., 2000, Rocha et al., 2014, Follak et al., 2018b). 
The present finding of the current study agrees with the previous investigations 
that showed a significant reduction in the bond strength of the Bulk Fill resin 
composite group, using Scotchbond Universal adhesive (SBU), when bonded to 
the natural CAD as shown in Fig.5-4, A. This can be explained by improper 
diffusion of the Scotchbond Universal adhesive into acid-resistant minerals 
(whitlockite) blocked dentinal tubules of CAD substrate (Nakajima et al., 2000, 
Erhardt et al., 2008, Scholtanus et al., 2010). 
The processes of demineralisation and remineralisation in caries-affected dentine 
promotes the formation of β-tricalcium phosphate (βTCP) within dentine tubules 
which is less soluble than hydroxyapatite and impermeable to water (Müller et al., 
2017). Caries-affected dentine typically exhibits a higher degree of porosity, 




which is commonly associated with a partial lack of mineral around and within the 
collagen fibrils, with lower mechanical properties and higher water content than 
the sound dentine (Palma-Dibb et al., 2003). The hypomineralised and porous 
caries-affected dentine substrate may allow for a deeper penetration of the 
cement and thus a thicker hybrid layer formed (Wang et al., 2007). The 
unprotected hypomineralised collagen may become a site for the non-bacterial 
self-degradation of collagen due to the activation of endogenous enzymes, matrix 
metalloproteinases and cathepsins (Nascimento et al., 2011). However, this 
unprotected collagen layer should be preserved for potential remineralisation 
(Wang and Spencer, 2003, Osorio et al., 2011). Although previous studies 
reported a thicker hybrid layer when resin composite was bonded to natural CAD, 
the self-etch adhesive promotes a thinner hybrid layer compared to the etch and 
rinse system, but thicker than those obtained with the sound dentine (Nakajima 
et al., 1995, Yoshiyama et al., 2002, Say et al., 2006). However, thickening of the 
hybrid layer does not necessarily reflect better bond formation. 
Studies have examined etched CAD using light microscopy, which showed a 
deeper, non-uniform, non-encapsulated collagen with a poor resin infiltration that 
facilitated dentine/resin bond degradation (Fruits et al., 1996, Palma-Dibb et al., 
2003). The variation in morphology and chemical composition of caries-affected 
dentine structure would be one of the possible reasons for their lower bond 
strength results (Nakajima et al., 2000). Arrias et al (2004), reported that 
increasing etching time to 45 instead of 15 seconds using 35% phosphoric acid 
leads to better bond strength values of Single Bond Universal (3M, St. Paul, MN, 
USA) to caries-affected dentine. This can be explained by further removal of 
minerals from the blocked dentine tubules facilitating the infiltration of adhesive 
resin into the CAD surface (Arrais et al., 2004). In contrast to Scotchbond 
Universal Adhesive, DC-HRI and EQUIA groups reported opposite results when 
bonded to the CAD; a higher immediate (24hrs) bond strength to the natural CAD 
compared to that with the sound dentine group was observed. Therefore, the 
second null hypothesis was rejected as the materials differ in their bond strengths 
to different dentine substrates. The higher porosity of inter-tubular dentine in 
CAD, however, may permit deeper etching of the inter-tubular dentine, and the 
adhesiveness to this area probably improves the μTBS values (Alves et al., 




2013). In addition, better ionic diffusion and interaction may anticipated between 
DC-HRI and EQUIA due to their bioactive nature with the tooth, compared to the 
composite group. Thereby, the phosphoric acid from DC-HRI and carboxylic 
groups of polyalkenoic acid from EQUIA generate ionic bonds with 
hydroxyapatite, ensuring a second means of retention.   
With regards to the sound dentine group, higher bond strength values of DC-HRI 
when compared to EQUIA have been reported. The organic matrix of DC-HRI, 
consisting of multifunctional monomer of DC-HRI, a mono, di and tri 
methacrylated phosphoric ester that reacts chemically with the hydroxyapatite, 
promoting a strong bond to the dentine substrate. The higher acidity of the 
phosphoric acid monomer in DC-HRI may demineralise and infiltrate the dentine 
deeper than the poly acrylic acid (PAA) in EQUIA. Additionally, multifunctional 
phosphoric acid methacrylate is proposed to be capable of demineralising and 
infiltrating the tooth surface simultaneously. Previous studies have reported that 
GIC shear bond strength to dentine lies in the range 1–3 MPa (Berry and Powers, 
1994, Burke and Lynch, 1994), while the bond strength of RMGICs to dentine 
have been noted as higher than that of GICs. The better bonding performance of 
RMGICs compared to conventional GICs could be due to their dual mechanism 
of adhesion (Almuammar et al., 2001). 
Moreover, a comparable increase in the bond strength of DC-HRI and EQUIA in 
the demineralised dentine group was noticed, compared to both the sound and 
caries dentine groups. Acid demineralised dentine promotes a protein-rich 
collagen exposure by removal of the smear layer and dentine plugs, which in turn 
changes the surface free energy of the dentine and enhances its wettability 
(Gopalakrishna, 2009, Hamama et al., 2014). Additional micro-mechanical 
infiltration may occur following etching (Imbery et al., 2013). It has previously 
been reported that dentine pre-etching (demineralised dentine model in this 
study) improves the surface wettability and the ion-exchange between the PAA 
carboxyl group in the GIC and hydroxyapatite from the tooth, which dislocated 
calcium and phosphate ions from the latter (Korkmaz et al., 2010, El-Askary and 
Nassif, 2011, Inoue et al., 2012). However, it is still controversial whether to etch 
the dentine or not before GIC application. When GIC is bonded to hydrated 
substrates, ionization of the PAA acidic monomers will be more efficient. This 




ionization is followed by acid–base neutralization reactions involving the tooth 
and the basic filler (Ferracane et al., 2011). 
Results of the present study revealed higher bond strength of Bulk Fill resin 
composite compared to both DC-HRI and EQUIA. This result is in accordance 
with previous studies which concluded that GICs as well as RMGICs have lower 
shear bond strengths when compared with resin composite adhesive systems 
(Fruits et al., 1996, Nicholson, 1998). A few factors may contribute to this finding. 
First, the dual-cured DC-HRI exhibits a high viscosity and limited penetration 
ability. Second, self-adhesive restorations need to be applied with some pressure 
to ensure the adaptation of the material to the dentine surface. Third, the design 
of micro-shear testing necessitates that materials cylinders be adjusted well to 
the tooth. Light-curing of these specimens might result in some polymerisation 
stress, causing resin contraction away from the surface and thus reduce their 
bond strength values. Moreover, DC-HRI should be capable of demineralising 
and infiltrating the tooth structure. however, only inconsistent areas of etching 
(De Munck et al., 2004) and almost no distinct demineralisation (Lin et al., 2010) 
or hybrid layer formation (Al-Assaf et al., 2007) have been noticed with these 
materials. Consequently, chemical rather than micromechanical bonding is 
responsible for the dental adhesion of the resin components of DC-HRI. 
The lower bond strength of GICs may be attributed to their brittleness, initial 
sensitivity to moisture contamination and sensitivity to dehydration. Moisture 
leads the material to be chalky and porous, resulting in a loss of surface hardness 
(Cook, 1990). 
Higher mean shear bond strength of resin composite in permanent teeth as 
compared to compomers and RMGICs was also reported (Prabhakar et al., 
2003). Scotchbond Universal adhesive provided a higher bond strength due to 
both micro-mechanical and chemical adhesion to the dentine. The basic 
mechanism of Scotchbond adhesion to dentine is by replacement of minerals 
extracted by acid-etching with resin monomers, which generates micro-
mechanical adhesion. In addition to the presence of 10-MDP in their composition, 
which bonds chemically to the hydroxyapatite in dentine and enamel, favoring the 
bond to dental tissue and reducing the degradation of the bond overtime (Yoshida 
et al., 2004). Yoshida et. al showed that these chemical interactions provided a 




stable MDP-Ca salt deposition along with nano-layering which may explain the 
higher bond strength to the dentine (Yoshida et al., 2012). Moreover, the 
presence of HEMA in its composition generates an ionic bond between the 
carboxylic group of the polyalkenoic acid monomer and the HA of the tooth 
(Harashima and Hirasawa, 1990) 
DC-HRI exhibited a higher or equivalent bond strength compared to EQUIA when 
bonded to different dentine substrates. This could be explained by their superior 
mechanical properties achieved by the higher cross-linkage between the carbon 
double bonds of their methacrylate monomer. In addition, their initial moisture 
tolerance and hydrophilicity facilitates the good adaptation to the hydrophilic tooth 
surface.  
It is believed that the excellent initial GIC adhesion properties refer to its ion 
exchange with the underlying dentine. This involves the transfer of strontium, 
aluminium, and fluorine ions, as a result of an ion concentration gradient between 
GIC and dentine, which is further followed by dentine demineralisation and 
release of Ca2+ ions caused by polyalkenoic acid (Ngo et al., 2006). Based on the 
previous explanation, EQUIA showed a progression in bond strength values 
following storage due to complete maturation after ion exchanges (Ngo et al., 
1997). Likewise, an initial polymerisation of DC-HRI by light-curing or by the 
chemical reaction of the initiator system, has started the setting reaction of the 
material. This reaction is further followed by a chemical reaction of the phosphoric 
acid functional group and ionic exchange with the tooth apatite. Simultaneously, 
a neutralisation reaction takes place to increase the pH level. 
Storage negatively influenced the bond strength of both Bulk Fill and DC-HRI with 
CAD substrate, as it reduced significantly when compared to the immediate bond 
strength (24hrs) data. On the other hand, storage improved the bond strength of 
EQUIA with the demineralised/etched group as shown in Fig.5-4. This result 
partially rejects the third hypothesis in this study confirming a significant effect of 
storage on some of the tested materials. It was expected from similar studies of 
bonding to CAD that the bond will decrease overtime for several reasons. One of 
the leading causes is activation of an endogenous proteolytic enzymes (MMPs) 
that leads to hydrolytic degradation of the bond at the interface and compromises 
the longevity of the bonded restoration (Mazzoni et al., 2006, Longhi et al., 2014). 




Durability studies on bonding to caries-affected dentine are still limited and their 
results are controversial, since some authors had reported reduction in the bond 
strength, while others did not (Omar et al., 2007, Erhardt et al., 2008, Komori et 
al., 2009). These studies have evaluated the bond strength longevity of different 
resin adhesives to CAD in different time exposures and varied storage media. 
However, they did not provide insight into what potential differences in caries-
affected dentine structure may affect the bonding longevity. Nakajima et al. 
(2006) had also reported a significant decrease in the micro-tensile dentine bond 
strength of the 2-steps self-etch (Clearfil SE Bond, Kuraray) following one-month 
storage with hydrostatic pulp pressure to normal dentine but didn’t affect the CAD 
results (Nakajima et al., 2006). Recently, a dentine biomodification concept has 
been employed to achieve a more stabilized and durable adhesive interface 
(Bedran-Russo et al., 2014).This can be achieved by using several natural and 
synthetic agents, acting as MMP inhibitor and collagen cross-linker which bio-
modify and enhance the mechanical properties of the dentine substrate. These 
bio-modifiers can be whether pre-treat the dentine surface or by their addition to 
the primers, their results were promising and has preserved the resin-dentine 
bond following 6 months storage (Singh et al., 2017). 
Another factor that should be considered when analysing the bond strength data 
is the percentage of pre-test failures (PTFs) that were reported earlier in the 
results section (Fig. 5-4 A, B). The highest percentage of PTFs generally was in 
the caries storage group of all materials, which correlates well with the low bond 
strength values obtained with this substrate. Nevertheless, the immediate carious 
Bulk Fill group showed a reduction in bond strength results but with no PTFs 
noticed in that group. Such results may indicate an immediate micromechanical 
interaction with the porous inter-tubular dentine in the carious substrates (Huang 
et al., 2011). In contrast, PTFs reduced with the demineralised group which 
confirms the high bond strength of this group. PTFs can be greatly affected by 
the technique of Tygon tube removal which is critical and not easily performed, 
as some level of stress can be induced at the interface yielding a high number of 
failures. The issue about inclusion or exclusion of PTFs is still controversial in the 
literature as they are not treated in the same statistical manner by different 
research groups (Scherrer et al., 2010). Including PTFs as a zero value would 




prevent over-estimating the quality of the bond to the material. However, 
exclusion of PTFs might be indicated when a high incidence exists (Saad et al., 
2017). In the present study, the PTFs cylinders were excluded and not recorded 
in the statistical analysis as their percentage was high, with the possibility of these 
failures owing to external stress during mould removal, thereby compromising the 
bond strength. Although the flowability of the materials is favourable with micro-
shear test to easily fill the Tygon tube, all materials used in this study were highly 
viscous. This factor might also influence the PTFs during specimen preparations 
(Andrade et al., 2010). 
With regards to the fracture analysis, results showed a predominance of 
adhesive/mixed failures in all groups with few cohesive failures which belonged 
to the Bulk Fill groups. These results compare well with Schneider et al. (2000) 
who found that the better the bond between dentine and resin composite, the 
higher the resulting percentage of cohesive failure within each sample (Schneider 
et al., 2000). Conversely, GIC and DC-HRI tend to exhibit more adhesive failures. 
These results agree with Chung et al., (2009), who reported that failures in 
conventional GICs were adhesive along the dentine interface, indicating a weak 
bond between material and dentine (Chen et al., 2009). Some researchers have 
claimed that cohesive fracture in the substrate reflects high bond strength 
(Scherrer et al., 2010). However, others claimed that there is no relationship 
between the bond strength and fracture type (Almuammar et al., 2001) There are 
several factors affecting the mode of failure results including sample preparation, 
load force, crosshead speed and the type of test used. 
5.4.2 Micro-permeability and two-photon imaging 
The term “micro-permeability” was explained as a simple evaluation method to 
screen the restorations’ interfacial integrity and the sealing ability, to determine 
how their adhesion to dentine substrates will affect the restoration’s marginal 
adaptation (Griffiths et al., 1999). This technique allows for sample evaluation 
that contain two ﬂuorophores with different target labels, thus permitting each 
target to be observed separately, or at the same time (Sidhu and Watson, 1998b, 
Toledano et al., 2017). This evaluation was aided by using an aqueous solution 
of rhodamine B, in conjunction with fluorescein powder to label the restorations 
to be examined further by the two-photon microscopy. The use of fluorescent 




dyes with microscopy is a powerful investigative technique. An aqueous solution 
of rhodamine-B was injected into the pulp chamber, resulting in the seepage of 
fluorescent tracer around resin tags to lateral branches of the dentine tubules or 
at the base of the hybrid layer. Maintaining a constant dye reservoir for 3 hrs is 
fundamental to ensure a complete seepage of the dye through the dentinal 
tubules to all possible routes of the restoration interface (Sidhu and Watson, 
1998a). Therefore, this method reveals the micro-porosity and pathways for fluid 
permeability.  
 
In the present study, the interfacial properties of the dentine underneath the new 
restoration DC-HRI was compared to EQUIA and Bulk Fill resin composite with 
Scotchbond Universal adhesive. The micro-permeability test was performed on 
both sound and demineralised/etched dentine. Two-photon confocal microscopy 
allowed imaging of the subsurface layer of the dentine/restoration interface with 
minimal sample preparation. The only sample preparation required is to section 
the specimen vertically to permit microscopic observation of the interface. 
Routine SEM examination is not possible without dehydration of the sample, 
which in turn interferes with capturing the dynamic tooth/restoration relationship. 
 
DC-HRI groups revealed a good adaptation with no gaps or voids noticed and a 
fluorescein dye-infiltrated band just below the interface was observed with 
minimal mixing with rhodamine-B in the sound group. There was no evidence of 
any resin tags formed with the sound dentine (Fig.5-8 a1, d1). However, in the 
demineralised dentine, mixing of the dyes was noticed with the pooling of 
rhodamine-B at the interface and to the bulk of the material, indicating some 
deficiencies in the inter-tubular and peritubular dentine with minimal resin tag 
formation (Fig.5-8 d1, h1). This may be attributed to the very low initial pH of the 
new material which may affect the peritubular and inter-tubular dentine integrity 
at this stage, followed by quick neutralisation after curing. Moreover, the high 
viscosity of the restorative material may interfere with the complete infiltration of 
the material into the full length of the demineralised dentine zone.  
Previous studies have shown a unique resin-rich, interfacial zone with dentine 
bonded with certain RMGICs (Watson et al, 1994, Pereira et al., 1997). The 




restorative version of RMGIC produces what is called the “absorption layer”, an 
amorphous, non-particulate zone at the dentine interface. It was indicated that 
the formation of this layer was attributed to swelling of the HEMA component of 
the resin matrix via water sorption within the maturing RMGIC when placed in the 
deep moist dentine (Sidhu and Watson, 1998b). However, it was absent from 
enamel and from the finished surface of RMGIC when exposed to water (Tay et 
al., 2004). 
Second harmonic generation images (SHG) showed a change in intensity only in 
the demineralised groups due to the acid-etching effect in the superficial dentine 
layer (Fig. 5-8 g1, 5-9 g2, 5-10 c3, g3).  
A rhodamine-labelled cement interfacial layer was noticed when evaluating 
EQUIA at the interface, with less dye uptake into material in the etched group. 
This may result due to the demineralising effect of PAA and tartaric acids on the 
inorganic dentine structure component (Sennou et al., 1999). Moreover, a thicker 
interfacial hybrid layer was obtained. Based on the result of this study, the DC-
HRI group showed a complete diffusion of rhodamine-B through the hybrid layer 
and the interface into the bulk of the material, indicating the permeability of the 
interface and absorption of the fluid through the interface. This might lead to an 
instability of the interface in the long term (Shaﬁei et al., 2015). On the other hand, 
etching of the dentine and the removal of the smear layer, in the demineralised 
group, may influence the interface integrity as showed in Fig. 5-10 (d1, h1).  
Examining the interfacial sealing over time will not be accurate as the dyes used 
in this study are easy to permeate and might create false readings with long time 
storage (Paulo et al., 2006). The etched group has a characteristic feature of 
funnelling of the tubular oriﬁces and well deﬁned lateral tubules which also 
contributed to rhodamine-B seepage around the main tags and the rest of the 
interface. 
In the EQUIA group, the pattern of dye infiltration through the hybrid layer and 
cement matrix was different from the experimental group. Two-photon images 
demonstrated the lack of intimate interaction within the hydroxyapatite-coated 
collagen, accompanied with a highly stained area within the hybrid layer with 
permeability into the cement matrix. It has been reported earlier that if there is a 




gap at the dentine/ material interface, the dye is likely to pool at this space and 
fill the gap not leaving sufficient dye to leak into the bulk of the restorative material 
(Sidhu and Watson, 1998a). 
The Bulk Fill resin composite group showed voids in the hybrid layer with dye 
staining of the adhesive layer but not penetrating the composite, which indicated 
the partial sealing ability of the self-etch adhesive.  
5.4.3 Pilot study  
In the current study, a pilot study involved micro-permeability samples prepared 
and filled by flowable resin modified glass ionomer (Fuji II LC, GC-Japan) to 
compare the sealing ability of this cement with the new high viscous restorative 
hybrid material (DC-HRI) when bonded to sound dentine as shown (Fig.5-11). 
Two-photon micro-permeability evaluations have shown that DC-HRI behaves in 
a similar way to Fuji II LC with the observation of the absorption layer within the 
material as documented in an earlier study by Sidhu et al., (1998), that was 
strongly labelled by rhodamine-B dye (Fig.5-11 A, red colour). This layer has not 
been found when examining the interface with EQUIA Fill. However, rhodamine-
B dye uptake in DC-HRI samples was more localised to the area of restoration 
adjacent to dentine but not to the whole matrix as noticed in Fuji II LC. This 
indicated a more permeable system of Fuji II LC compared to the new material 
that has a higher filler content. The absorption layer is critical for the interfacial 
adaptation of resin cement. It possibly acts as a stress relief layer to compensate 
for the polymerisation shrinkage of the restoration (Sidhu et al., 2002). A reason 
behind the difference in their permeability may be related to their chemical 
compositional differences as Fuji II LC contains HEMA which is a hydrophilic 
monomer that facilitates water permeability.  However, DC-HRI contains 
TEGDMA which comprises small hydrophilic monomers, that was added to 
improve the viscosity of the restorative material for a better handling in the clinic. 
Therefore, in Fuji II LC, water can diffuse from the underlying moist dentine into 
the HEMA filled hydrophilic matrix to form the diffuse absorption layer as seen in 
Fig. 5-11 (red label). It can be assumed also that diffusion of both water and 
HEMA may also occur into empty air voids that are close to the RMGIC/dentine 
interfaces. On the other hand, such water diffusion was limited to the area 
adjacent to the interface but not the whole material matrix. This may be 




attributed to the higher density of the experimental material compared to the 
less viscous Fuji II. Formation of this layer is effective for the stress 
compensation that was generated during the setting, and to prevent further 
fracture at the dentine/material interface. 
Further investigation is needed to confirm the clinical effectiveness of DC-HRI. 
The success and stability of a restoration can be influenced by many factors such 
as wear rate, solubility and water sorption which have to be considered. 
In conclusion,  
• The experimental material may perform better than a conventional GICs with 
sound dentine and performed comparably to it with artificially demineralised 
or carious dentine.  
• None of the tested materials provided proper sealing to the dentine tubules. 
However, sealing was better with the demineralised dentine compared to the 
sound.  
• Despite there being several limitations of Bulk Fill resin composite with Scotch 
bond adhesive, it still demonstrates predominance in bond strength and 
optical behaviours. However, the experimental material facilitates the dental 
procedure, reduced the application sensitivity and time possibly providing 
combined advantages of both composite and GICs.
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Chapter 6. General discussion and future work 
 
 
6.1 General discussion 
Despite many controversies about its suitability as a real alternative to amalgam, 
resin composite has turned out to be the material of choice as a relatively durable, 
restorative aesthetic material, for posterior teeth. However, its use requires an 
intermediate bonding agent / adhesive to provide retention. As another alternative 
restorative material, glass-ionomer cements (GICs) are self-adhering materials 
that can bond directly to the tooth structure without an intermediate adhesive 
layer. However, a preconditioning step by polyacrylic acid is recommended, 
resulting in a two-step approach (Peumans et al., 2014). The clinical success of 
GICs as non-stress bearing restorations and the atraumatic restorative treatment 
is derived from the two-fold bonding mechanism which combines micro-
mechanical interlocking and chemical interaction (Mickenautsch and Yengopal, 
2012). GICs are widely used in restorative dentistry for their long-term fluoride 
release and ease of use, as well as their biocompatibility with pulp tissues. 
However, some drawbacks such as low flexural strength, prolonged setting time, 
early moisture sensitivity, dehydration, and poor aesthetics exist. Nevertheless, 
a new high-viscosity glass-ionomer cement has been showing promising clinical 
performance in posterior permanent restorations (Gurgan et al., 2017), which was 
used as a control material in the studies presented in this dissertation. 
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Consequently, hybrid versions of the material were introduced. Among these, 
resin-modified glass-ionomer cements (RMGICs) were developed with better 
physical properties, early resistance to water contaminations, ease of placement 
and better aesthetics but could not be used for comparison in the current studies, 
as all the currently available RMGICs have low viscosity and not indicated as a 
posterior restorative material. With the improvement of the chemistry and 
nanotechnology in this field, a novel dual-cure hybrid resin glass-ionomer 
restorative material with modified functional monomer including phosphoric acid 
ester was introduced by 3M company. It is claimed to have a self-adhesive, bulk-
fill properties which minimise the restoration placement time in deep cavities and 
reduce the technique sensitivity and variability between operators as no bonding 
step is required.  
Although most of the literature related to the performance of dental materials 
refers to sound dentine as a standard substrate, clinicians are daily challenged 
by the presence of caries-affected dentine rather than the sound dentine 
substrate. In the same way, manufacturers base their new materials on the 
adhesion to sound dentine which does not represent the clinically relevant 
substrate. The minimally invasive approach advocates complete removal of the 
infected dentine and preservation of the CAD on the pulpal cavity floor. 
Handleman et al. indicated that the residual bacteria became dormant and much 
less active when sealed properly by a resin sealant (Jensen and Handelman, 
1980). Studies relied on relatively old materials rather than contemporary 
hydrophilic adhesive formulations. However, the residual bacteria in CID can be 
embedded by adhesive resins and become inactive. Therefore, it might be 
possible to leave even CID without progression of the caries process if it was 
sealed properly (Mertz-Fairhurst et al., 1998, Maltz et al., 2002, Ricketts et al., 
2006, Schwendicke et al., 2013, Imparato et al., 2017). 
Accordingly, in the present study, various human dentine substrates were used 
including sound, demineralised, CID and CAD. This wide range of substrates 
provides a profound understanding of the introduced experimental materials’ 
interaction with dentine in comparison to control materials.     
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Methods used in biomedical research require high spatial resolution to delineate 
the diseased from normal tissues, high sensitivity to monitor changes in the 
microenvironment, and high precision to objectively recognise those changes. 
For the study of the interaction of restorative materials with dental tissues, 
different optical, non-invasive imaging techniques have been widely used. These 
techniques rely on the generated photons as a result of interaction between an 
illuminating light and the matter within different substrates. These optical 
techniques provide valuable information about the substrate, if minimal or no 
alternation caused to the samples. In this study, an in-house built two-photon 
imaging microscope was utilised all through different experiments generating 
fluorescence, SHG and lifetime data that help in studying the interaction of 
different dentine substrates with the applied restorative materials. Additionally, 
these optical investigations of the interfaces were confirmed by Knoop hardness 
recording, coupled with Raman spectral analysis, for monitoring mineral 
phosphate peak spectral changes if demineralisation or remineralisation occurs. 
Moreover, the adhesion strength of the examined restorative dental materials to 
various dentine substrates were tested and measured using the micro-shear 
bond strength, and the sealing ability was assessed by micro-permeability study. 
 
Dentine fluorescence properties were investigated using the in-house built two-
photon imaging microscope, coupled with monitoring the change in their mineral 
contents using micro-Raman spectroscopy and the Knoop hardness number 
before and following the storage with materials in phosphate buffered saline 
solution. Prior to materials placement, various dentinal substrates were examined 
to compare their optical intensities and lifetimes (AF, SHG and FLIM), along with 
their mechanical properties (Knoop hardness) and their mineral content (using 
Raman spectroscopy). These substrates include caries infected, affected, 
partially demineralised (phosphoric acid-etched) and sound dentine. The 
obtained data have shown significant differences in most of the optical properties 
between the substrates due to the variation in their either mineral contents or 
collagen configurations prior to any application of restorative materials.  
CID recorded the highest fluorescence intensity among other substrates (Fig.2-
8), while SHG was the least. Despite the controversial debate about the 
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fluorescence nature of dental tissues, it was previously suggested that the 
dentine AF originates from several endogenous fluorophores (Collin and Julian, 
2004). The organic component within human dentine is believed to be the source 
of its fluorescence behaviour (Van der Veen and Ten Bosch, 1996, Banerjee and 
Boyde, 1998, McConnell et al., 2007). In previous studies, variation of dentine AF 
was observed throughout the caries process (Bjørndal and Mjör, 2001, Slimani 
et al., 2014). In order to understand the underlying phenomena, various 
hypotheses were suggested (Buchalla et al., 2004) such as alteration of the 
collagen fibres due to acidic degeneration, non-centrosymmetric structure with 
fluorescence properties and/or accumulation of specific bacterial by-products 
with specific endogenous porphyrin (Maillard reaction products). CID is a 
superficial necrotic zone of vastly demineralized substrate, characterised by 
degenerated collagen fibrils that lost their cross-linking. They are characterised 
by their brownish discolouration of crosslinked proteins and advanced glycation 
end-products (AGEs). AGEs are likely to bind to dentine collagen fibres modifying 
their intrinsic optical properties (Kleter et al., 1998b). 
A study by Buchalla et al., (2004) also linked porphyrin to the auto-fluorescence 
signal of the root dentine caries compared to the sound dentine. They found that 
the fluorescence emission bands of the carious root were shifted to longer 
wavelengths (red-shifted bands) between 600-700nm. The strongest band for the 
excitation wavelength was at 405nm which is equivalent to the band of porphyrin 
compounds. Further studies observed that one of either the organic or inorganic 
components of healthy dentine that generates green fluorescence partially 
disappears during the caries process; hence, the red fluorescence appears 
(Terrer et al., 2009, Salehi et al., 2013). Other studies aimed to examine the role 
of Streptococcus mutans in the generation of the fluorescence detected in carious 
lesions. They observed that dentine lesions induced by S. mutans exhibited an 
increase in red and green fluorescence spectral regions, with a stronger signal in 
the red region (Lennon et al., 2006, Shigetani et al., 2008). As this substrate has 
a complete degeneration of collagen structure, it showed a very strong AF 
intensity associated with a lower SHG signal and a shorter lifetime (Lin et al., 
2011).  
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Additionally, when a photon is absorbed by a fluorescent molecule, electron 
transition from ground state to excited state and relaxation of the excited molecule 
then follow, resulting in the emission of photon of reduced energy and with a 
longer wavelength, termed “fluorescence”. The time required by the molecule to 
relax before emission is called “fluorescence lifetime” and is influenced by the 
interaction with the environment (Wang et al., 2018). It is difficult to quantify 
changes in the microenvironment based on the AF and SHG intensities only, 
hence, lifetime data was recorded as an additional biological marker, which is not 
affected by laser fluctuations, wavelengths, fluorophore concentration or 
quenching (Becker, 2012, Pliss et al., 2015). In an earlier study, short lifetime was 
reported in carious tissues and was referred to changes in both chemical and 
physical properties of dentine (Webb et al., 2002). Lifetime can be influenced by 
the fluorophore environment including polarity, ion concentration, temperature 
and pH. So, it can be used as a parameter or biological sensor. 
Conversely, caries-affected dentine contains mixed reactionary dentine, formed 
in the response to stimuli like caries, showing some alterations in the cross-linking 
of its collagen fibrils. Based on the collagen biochemistry of infected and affected 
dentine, a study by Kuboki et al., (1977) found that there was no difference in the 
pattern of amino acid composition of collagen fibres between these layers and 
the sound dentine. However, the intermolecular cross links of collagen fibres were 
observed to be less in the affected dentine, but these changes seem to be 
reversible. In contrast, caries-infected dentine cross links and the precursors was 
remarkably reduced. In addition, the hexitollysines (protein-saccharide, bacterial 
by-product) were noticed and several peaks of unknown materials appeared. 
Hence, these changes indicate irreversible destruction of cross-linkage in the 
caries-infected dentine (Kuboki et al., 1977). 
Results of the current study showed a high AF intensity in the caries-affected 
dentine group but to a lesser extent than the infected dentine. This may indicate 
the influence of the acidic media in the affected dentine, which induces structural 
changes, followed by defibrillation of unprotected collagen fibrils due to matrix 
metalloproteinase enzymes (MMPs) release (Kleter et al., 1998, Carvalho et al., 
2009, Lee et al., 2015). Accordingly, the obtained results were in agreement with 
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the data of a previous study which showed the increase in the AF intensity, 
shorter lifetime and decrease of SHG signals (Lin et al., 2011). 
It has been previously demonstrated that an intense SHG signals can be 
generated from the sound dentine structure compared to enamel. This was 
attributed to a strong correlation between collagen and SHG signals (Kim, Eichler 
et al. 2000, Chen et al. 2007). Therefore, the complete collagen degeneration 
that happens in the infected dentine and the mild alteration in the affected dentine 
tissues lead to reduction in SHG signals. 
On the other hand, when dentine samples were demineralised by acid-etching, a 
simple model with partial loss of minerals and intact collagen matrix was obtained. 
Complete loss of peritubular dentine, demineralisation of intertubular dentine and 
then increase the number of exposed dentine tubules have been resulted, with 
potential changes in the collagen configuration and morphological dentine 
surface area (Zafar and Ahmed, 2015). These changes in demineralised dentine 
have resulted in the reduction of AF intensity compared to infected and affected 
dentine but not significantly different from the sound dentine. However, a 
significant increase in SHG intensity was also observed due to collagen 
exposure. Lifetime was decreased, and this could be attributed to the low pH of 
the demineralisation protocol. 
Moreover, fluorescence and lifetime data were supported by the Knoop hardness 
values recorded for the same samples. Knoop hardness number (KHN) indicates 
the mechanical properties of the dentine substrate and indirectly reflect their 
mineral content. Therefore, results of infected and affected dentine that indicate 
increase in AF intensity, reduction in SHG and shorter lifetime, have also shown 
a reduction in KHN which was attributed to reduction of their mineral content 
compared to sound dentine. Mineral contents were also confirmed by the 
variation in phosphate peak intensity recorded by micro-Raman spectroscopy 
imaging.  
Dental caries is a dynamic disease process, which is developed by the imbalance 
between the demineralisation and remineralisation in dental hard tissues 
(Featherstone, 2000). From a biological point of view, apatite growth and 
recrystallisation have been classified into classical and non-classical approaches. 
Remineralisation can be obtained by classical approach including epitaxial 
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growth of residual inorganic crystals in the lesion (Kawasaki et al., 1999) and 
reformation of inorganic mineral-like structure (Cao et al., 2015). Alternatively, an 
in-vitro biomimetic remineralisation approach refers to the “bottom up” 
remineralisation. This approach doesn’t rely on the pre-existence of seed 
crystallites and may be considered as a feasible method for remineralisation of 
partially or totally demineralised dentine. Biomineralisation of dentine dictates the 
presence of intact collagen matrix that can act as a template for mineral 
deposition together with existence of non-collagenous protein (NCPs) such as 
dentine matrix protein (DMP1) and dentine phosphoprotein (DPP) (George and 
Veis, 2008). 
Regarding the dentine models used in this work, infected dentine exhibited a 
degenerated collagen matrix, hence no remineralisation is expected to be seen 
when interact with any of the applied materials. In contrast, caries-affected 
dentine and the partially demineralised dentine models have an intact collagen 
structure which makes them liable to be remineralised if they interact with 
bioactive materials.  
Based on the composition of the introduced dual-cure self-adhesive experimental 
material DC-HRI, it is claimed that the new acidic adhesive monomer existed in 
its formulation (phosphoric acid ester of methacrylate) is responsible for the self-
adhesion. It also contains double carbon bonds, which makes it capable for a 
high degree of cross-linking. In addition, the presence of silanated and alkaline 
fillers make them responsible for neutralisation and buffering process during 
setting. DC-HRI combines the self-adhesiveness, the anti-cariogenic properties 
of glass ionomers and the high mechanical strength of the composite bulk-fill 
restorations. Thereby, they are anticipated to interact with dentine substrates in 
a similar way to these materials. 
Several in-vitro studies demonstrated the liability of remineralisation of the 
artificially demineralised dentine adjacent to glass-ionomer cement (Ten Cate, 
1994, Ngo et al., 2006), RMGIC (Creanor et al., 1998) and calcium silicate 
cements (Tay et al., 2007, Watson et al., 2014, Atmeh et al., 2015). Previous 
studies have shown the mineral transfer and apatite formation of different dentinal 
substrates with variable mechanisms when they interact with GIC (Lee et al., 
2008, Ngo et al., 2011). Conversely, Watson et al., (2014) reported inability of the 
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acidic media generated by GIC acid-base reaction to remineralise the 
demineralised dentine. Moreover, the completely depleted demineralised dentine 
is unlikely to have any remineralisation due to the lack of crystal seeds in their 
surface (Kim et al., 2010a).  
The results presented in this study showed a favourable increase in the 
demineralised dentine properties. These changes are presented by an increase 
in the percentage change of AF intensity and lifetimes. In addition, regaining of 
the KHN was also noticed, associated with increase in Raman peak intensity, 
while no change was noticed in SHG after storage with the DC-HRI and EQUIA 
groups (Fig. 3-6,7,8,9). However, with the carious dentine substrate, the only 
significant changes were noticed in the caries-infected dentine presented by 
increase in AF and KHN when interact with DC-HRI and EQUIA. Caries-affected 
dentine only showed an increase in AF intensity of DC-HRI and EQUIA with no 
significant changes in other properties when comparing the effect of different 
materials on this substrate. Both carious substrates showed a significant increase 
in the mineral peak when compared to the control group, which complement the 
increase in their fluorescence intensity. However, the interaction of materials with 
the sound dentine substrate resulted in non-significant changes in their 
fluorescence intensity, lifetime or Raman phosphate peak intensity. 
For the partially demineralised dentine, the organic matrix within these samples 
was not affected so we can presume any optical changes after sealing with the 
restorative materials are due to remineralisation of the underlying dentine. 
Previous studies have proved that GICs can re-mineralise tooth tissues through 
epitaxial growth of the remaining crystals, when nucleation site pre-exist (Kim et 
al., 2010b, Atmeh et al., 2015). The possible explanation for such results 
including that the acidic etching effect of the monomers exists in either DC-HRI 
or EQUIA can cause a demineralisation of the inorganic dentine contents 
(Sennou et al., 1999). Therefore, this process triggers the ionic flow of elements 
from the glass including fluoride, strontium, aluminium and residual 
hydroxyapatite attached to collagen of the partially demineralised dentine, which 
in turn neutralise the acidity and induce the mineralisation thus enhancing the 
fluorescence intensity and FLIM. Moreover, when polyacrylic acid modifies the 
smear layer, it has numerous carbonyl ions that form hydrogen bonds, which 
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promote substrate wettability (Pereira et al., 2017). In addition, the presence of 
phosphate ions within the alkaline PBS storage media favoured these ionic 
interactions. A previous study performed in our laboratory demonstrated the 
remineralisation effect of the conventional GIC together with Biodentine™ when 
bonded to the partially demineralised dentine using the same assessment 
methods. Han et al. (2011) showed an increase in calcium uptake in the root 
canal dentine adjacent to Biodentine™ and MTA when they stored in PBS (Han 
and Okiji, 2011). 
Regarding the increase in AF and KHN of the infected dentine group, this 
indicates an improvement in the ultrastructural properties of this tissue. This was 
presented by an increase in the mechanical properties like hardness following 
sealing with materials. These changes may be attributed to precipitation of ions 
either from storage media or from a GICs with none of the physiological 
remineralisation, accompanied by Ca+2 and PO4-3 diffusion from the underlying 
dentine as a result of acidic demineralisation. This ion exchange is responsible 
for the initial bond between the restoration and the dentine surface. 
In order to determine the real efficacy and durability of polymeric dental materials, 
a thorough clinical testing is necessary. However, clinical testing is expensive 
and impractical as it requires long time to evaluate the effect and success rates. 
Alternatively, reliable laboratory tests can serve as screening tools to examine 
the new dental materials and the improvement to the existing materials. Micro-
shear bond strength has been claimed to be a reliable test, due to the 
homogenous stress distribution in the bonding surface of specimens. Stress 
concentration is reduced due to small sample dimensions thus the failure pattern 
shifts to adhesive instead of cohesive failure and this will decrease the errors. It 
could be a feasible test when evaluating brittle materials, having a low modulus 
of elasticity, such as GICs (Bonifácio et al., 2012). The micro-shear bond test 
measures more accurately the strength in the adhesive interface (Tedesco et al., 
2013). 
Bond strength and morphologic two-photon microscopic evaluations results of 
our study showed that the characteristics of the substrate directly impact the 
bonds formed. All examined materials have shown significant higher bond 
strength values, when bonded to the partially demineralised substrate compared 
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to the sound and carious dentine. Differences in morphology and physical 
structure of dentine substrates are key factors, which directly influence the formed 
bonded interfaces. As previously mentioned, partially demineralised dentine has 
an intact collagen matrix with partial loss of the superficial mineral content. 
Although the collagen matrix has no direct effect in the bonding mechanism, the 
minerals that are attached to these collagen fibrils can encourage the ionic 
exchange between the restoration and dentine. Thus, the resulting bond interface 
may be enhanced. Dentine acid-etching promotes a protein rich collagen 
exposure by removal of the smear layer and dentine plugs, thereby changes the 
surface free energy of the dentine and enhances the dentine wettability 
(Gopalakrishna, 2009, Hamama et al., 2014). It also provides additional micro-
mechanical retention (Imbery et al., 2013), along with ion-exchange between the 
PAA carboxyl group in the GIC, calcium and phosphate from the tooth, which 
improve the bond strength (Korkmaz et al., 2010, El-Askary and Nassif, 2011, 
Inoue et al., 2012). 
Moreover, the type of the material used has also influenced the bond strength 
values. This was demonstrated by the high bond strength of the Filtek Bulk Fill 
resin composite group compared to other materials’ groups regardless the type 
of the substrate. This was supported by other studies showing that Scotchbond 
Universal adhesive has provided higher bond strength due to both micro-
mechanical and chemical adhesion to the dentine. In addition, the presence of 
10-MDP in their composition encourages the bonding to the tooth and reduces 
the bond degradations overtime (Yoshida et al., 2004). 
DC-HRI reported higher or equivalent bond strength compared to EQUIA when 
bonded to different dentine substrates. This can be explained by its superior 
mechanical properties achieved by the higher cross-linkage between the carbon 
double bonds of their methacrylate monomer. Additionally, its initial moisture 
tolerance and hydrophilicity facilitates the good adaptation to the hydrophilic tooth 
surface. The organic matrix of DC-HRI exhibited a multifunctional phosphoric acid 
methacrylate which is capable of simultaneously demineralising and infiltrating 
the dentine surface together with forming an ionic bond with the hydroxyapatite, 
providing a second means of retention.  
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The low bond strength of DC-HRI compared to the resin composite group (Filtek 
Bulk Fill, 3M, USA) may be attributed to the high viscosity of the material and 
limited penetration ability which requires some pressure during application. In 
addition, light curing of this material may generate polymerisation stress, 
contraction of the material and reduction of the bond strength. Likewise, GIC 
showed low bond strength values due to brittleness, initial sensitivity to moisture 
contamination and sensitivity to dehydration. Moisture leads the material to be 
chalky and porous, resulting in a loss of surface hardness (Cook, 1990).  
Another factor has influenced the bond strength values is the storage time. An 
increase in bond strength was noticed after storing GICs when they were bonded 
to the demineralised dentine. This result was attributed to the maturation process 
of GIC after ion exchange (Ngo et al., 1997). In contrast, bond strength was 
decreased when DC-HRI and Bulk Fill were stored and bonded to the CAD. Such 
findings may be explained by the activation of an endogenous proteolytic 
enzyme; matrix metalloproteinase (MMPs) that leads to hydrolytic degradation of 
the bond at the interface and compromises the longevity of the bonded restoration 
(Inoue et al., 2005, Mazzoni et al., 2006, Longhi et al., 2014). In the literature, 
results of bonding durability to CAD are still limited and controversial. Some 
studies reported a decrease in bond strength of different resin adhesives bonded 
to CAD in different time exposures (Omar et al., 2007, Komori et al., 2009). Other 
studies reported non-significant changes in bond strength results to CAD 
following storage (Omar et al., 2007, Erhardt et al., 2008). The possible 
explanations of such results might be due to the great variability of natural CAD 
substrate as well as other non-consistent factors between laboratories and 
different storage media. All of which can affect the final outcome of the study. 
One cannot exclude the role of recording pre-test failures of the samples (PTFs) 
in the interpretation of the bond strength data. In the current study, findings 
reported the highest PTFs in the CAD storage group, which correlates well with 
the low bond strength values recorded with this substrate. However, PTFs 
reduced with the demineralised group which confirms the high bond strength of 
this group. Nevertheless, PTFs may also be affected by the way of Tygon tube 
removal which is critical and not easily performed as stress can be induced at the 
interface yielding a high number of failures and is related to the pressure applied 
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to the tube. The issue about inclusion or exclusion of PTFs is still controversial in 
the literature as they are not treated in the same statistical manner by different 
research groups (Scherrer et al., 2010). The current studies excluded PTFs 
readings in the statistical analysis as their numbers were high in the caries group 
and would greatly affect the final result, despite being helpful in understanding 
and confirming some bond strength data (Saad et al., 2017). If PTFs were 
included in statistics, it is very likely that the normal distribution of data is lost 
especially with a high number of failures. It should be also noted that PTFs are 
usually associated with relatively low bond strength values measured for those 
samples that didn’t fail prior testing. 
Results showed generalised adhesive failures in DCHRI and EQUIA Fill groups, 
whereas cohesive failure in Bulk Fill resin composite group. Although some 
researchers have claimed a higher bond strength results in more cohesive failure 
(Scherrer et al., 2010), others claimed that there is no relationship between the 
bond strength and fracture type (Almuammar et al., 2001). There are lots of 
factors affecting the mode of failure results including; sample preparation, load 
force, crosshead speed and the type of test used. 
Further assessment of the sealing ability of different dental materials was 
assessed using the two-photon microscope and revealed the variation in the 
sealing ability between the materials groups. DC-HRI groups revealed a good 
adaptation with no gaps or voids noticed. Absorption layer was a characteristic 
feature noticed in the area adjacent to interface with DC-HRI which was strongly 
labelled by rhodamine-B dye and wasn’t found when examining the interface with 
EQUIA Fill or Bulk Fill composite. It possibly acts as a stress relief layer to 
compensate for the polymerisation shrinkage of the restoration (Sidhu et al., 
2002). 
Few interfacial gaps were noticed at EQUIA/dentine interface which decreased 
when bonded to the demineralised dentine. The Bulk Fill resin composite group 
showed voids at the interface (water tree/osmotic blistering) when Scotch bond 
adhesive was applied in a self-etch mode, that was disappeared when applied on 
the demineralised/etched dentine surface. None of the tested materials has 
provided an adequate sealing to the dentine. However, sealing was better with 
the demineralised dentine compared to the sound dentine group. 
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In conclusion, the experimental material DC-HRI demonstrated good adhesive 
properties and potential bioactivity when applied to the partially demineralised 
dentine or infected dentine, which was comparable to the conventional GICs. This 
activity is mediated by the phosphate ions in the storage media. The clinical 
decision on which material to choose should be influenced by other clinical 
factors. Moreover, the introduced in-vitro caries model allowed the evaluation of 
changes happen across the carious lesion which could be used in different 
experimental settings. Using two-photon microscopy to achieve fluorescence 
intensity and lifetime data is a promising less invasive microscopic technique that 
introduces additional microscopic parameters to investigate dental tissues and to 
identify/monitor remineralisation within these tissues.  
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6.5 Suggestions for future work   
• In-situ measurement of pH change during materials setting using FLIM 
imaging  
As reported earlier, the two-photon FLIM imaging can be used as a reliable 
biologic marker for imaging dental tissues. Likewise, it is very sensitive to pH 
change and it provides an indication about the ultrastructural changes of the 
surrounding environment. Dental materials can set by different setting 
mechanisms. Whether the material sets by self-curing, dual-curing or light curing, 
it undergoes changing in their pH during the setting process until neutralization 
occurs. Examining the setting chemistry of dental materials using high resolution 
in-situ pH measurements can be beneficial. Initially, a series of dye-dosed 
(LysoSensor Yellow/Blue DND-160 pH indicator dye) TRIS buffer solutions is 
prepared ranging from pH2 – pH7.5 to create a pH standard curve versus FLIM 
imaging. The material then labeled with the same pH indicator dye. This can be 
used in exploring the pH changes during DC-HRI setting compared to both self-
cure/light cure GICs and light cure RMGIC controls. Performing this study can 
provides valuable accurate information about the acidity of the material when 
clinically applied in managing deep carious lesions. This study is currently being 
carried out by one of the postdocs in our department. 
• In-vitro evaluation of different caries excavation methods and their 
effect on chemical properties and morphology of DC-HRI/dentine 
interaction  
Intact carious dentine model was used in this thesis without any caries excavation 
to examine the effect of the applied materials on all carious zones. However, a 
more clinically related model has to be created using any mean of caries 
excavation approaches to perform cavities. Carisolv gel, rotary burs, polymer 
burs or laser excavation can be used to excavate deep carious lesions with no 
pulp exposure, and then cavities are subdivided randomly and restored with 
different coronal restorative materials including Biodentine, DC-HRI, GIC and 
RMGICs with a control (no material) group. This protocol is aiming to compare 
the effect of these materials on the interfacial chemical and morphological 
properties of the dentine substrate left following different caries excavation 
techniques to those before materials application. In-vitro evaluation using 
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transverse micoradiography (TMR), for mineral density and mineral profile 
detection, and nonohardness, for tissue hardness assessment, can be performed 
before and following 3- and 6-months storage in PBS solution. The mean mineral 
density values at different depths up to 150 µm will be calculated as well as 
nanohardness measurements on the cross-section view of dentine. These 
evaluations might be assisted by SEM evaluation following fracture of the dentine/ 
materials interface on representative samples of different materials and control 
groups. 
 
• Monitoring Demineralization and Subsequent Remineralization at 
dentine/materials interface using optical coherence tomography (OCT). 
In this thesis, simple demineralisation model was used, exhibited partial mineral 
loss and intact collagen fibres. However, for a better comparison with the natural 
caries-affected dentine, laboratory methods for artificial caries creation must be 
applied such as pH-cycling or bacterial methods which highly recommended 
methods are to mimic CAD. Bacterial methods were criticised for their time-
consuming protocol and more softening of the dentine surface.  Therefore, pH 
cycling is performed on half surface of the natural dentine slices, while covering 
the other half as an internal control. Following pH cycling method, the 
demineralised depth of the dentine substrate is measured using OCT and Raman 
imaging compared to the sound control. Understanding the depth and chemical 
profile of the demineralised dentine is important for improving reliability and 
durability of the restorative materials. Both quantitative and qualitative evaluation 
can be obtained. The applied imaging techniques are non-invasive which can 
help in detection of the lesion depth and subsequent remineralisation if occurs. 
Dentine slices are then distributed randomly into two restoration groups 
(Biodentine and DC-HRI) with a control group with no material to be stored in 
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• Nanomechanical properties of Novel DC-HRI materials and depth of 
cure evaluations 
To determine by nanoindentation the hardness and elastic modulus of DC-HRI 
compared with bulk-fill and conventional nano-hybrid resin composites. In 
addition, comparative evaluation of the depth of cure of these materials to 
evaluate their degree of conversion using Fourier Transform Infrared (FTIR) 
spectroscopy method. For the nanoindentation test, disc specimens 
(15 mm × 2 mm) are prepared from each material using the metallic mold. 
Specimens are irradiated in the mold at top and bottom surfaces using a Deep 
Cure-S LED curing light (3M, USA) with the light intensity 1470 mW/cm2 (-
10%/+20%). Specimens are then mounted in 3 cm diameter phenolic ring forms 
and embedded in a self-curing polystyrene resin and stored in distilled water at 
37 °C for 7 days. Nanoindentations (n=30) are then applied using the load 
(10 mN). For the depth of cure measurements, other set of specimens are 
prepared. Depth of cure is determined according to "ISO 4049; Depth of Cure" 
method, and FTIR spectroscopy method is used to estimate the degree of 
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Participant information sheet (PIS) [Information Sheet]   1   23 June 2016   
Research protocol or project proposal [Research Protocol]   1   23 June 2016   
Summary CV for Chief Investigator (CI) [Tim Watson Summary CV]   1   23 June 2016   
Summary, synopsis or diagram (flowchart) of protocol in non 
technical language [Summary Flowchart]   
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Appendix B - Summary of HRA Assessment  
  
This appendix provides assurance to you, the sponsor and the NHS in England that the study, 
as reviewed for HRA Approval, is compliant with relevant standards. It also provides 
information and clarification, where appropriate, to participating NHS organisations in England 
to assist in assessing and arranging capacity and capability.  
For information on how the sponsor should be working with participating NHS 
organisations in  
England, please refer to the, participating NHS organisations, capacity and 
capability and Allocation of responsibilities and rights are agreed and 
documented (4.1 of HRA assessment criteria) sections in this appendix.   
The following person is the sponsor contact for the purpose of addressing participating 
organisation questions relating to the study:  
  
Keith Brennan  
Email: keith.brennan@kcl.ac.uk  
Tel: 02078486960  
  
HRA assessment criteria   










1.1  IRAS application completed 
correctly  
Yes  No comments   
        
2.1  Participant 
information/consent 
documents and consent 
process  
Yes  No comments  
        
3.1  Protocol assessment  Yes  No comments  
        
4.1  Allocation of responsibilities 
and rights are agreed and 
documented   
Yes  Statement of activities & schedule 
of events or any other study 
agreement is not expected for this 
study as the single NHS site 
participating in this study is also 
the co-sponsor of the study.    
  
4.2  Insurance/indemnity 
arrangements assessed  
Yes  Where applicable, independent 
contractors (e.g. General 
Practitioners) should ensure that 
the professional indemnity 
provided by their medical  






   defence organisation covers the 
activities expected of them for 
this research study  
4.3  Financial arrangements 
assessed   
Yes  No application for external 
funding has been made.   
  
        
5.1  Compliance with the Data 
Protection Act and data 
security issues assessed  
Yes  No comments  
5.2  CTIMPS – Arrangements for 
compliance with the Clinical 
Trials Regulations assessed  
Not Applicable   No comments  
5.3  Compliance with any 
applicable laws or 
regulations  
Yes  Human Tissue Act is applicable.  
        




6.1  NHS Research Ethics  
Committee favourable 
opinion received for 
applicable studies  
Yes  
  
No comments  
6.2  CTIMPS – Clinical Trials 
Authorisation (CTA) letter 
received  
Not Applicable  No comments  
6.3  Devices – MHRA notice of no 
objection received  
Not Applicable  No comments  
6.4  Other regulatory approvals 
and authorisations received  
Not Applicable  No comments  
  
Participating NHS Organisations in England  
This provides detail on the types of participating NHS organisations in the study and a 
statement as to whether the activities at all organisations are the same or different.   
There is only one NHS organisation taking part in the study, there is therefore one type of 
participating organisation undertaking the research activity as detailed in the study 
protocol.   
  
If this study is subsequently extended to other NHS organisation(s) in England, an 
amendment should be submitted to the HRA, with a Statement of Activities and Schedule 
of Events for the newly participating NHS organisation(s) in England.   
  
The Chief Investigator or sponsor should share relevant study documents with participating 
NHS organisations in England in order to put arrangements in place to deliver the study. 
The documents should be sent to both the local study team, where applicable, and the 
office providing the research management function at the participating organisation. For 
NIHR CRN Portfolio studies, the Local LCRN contact should also be copied into this 
correspondence.  For further guidance on working with participating NHS organisations 
please see the HRA website.  
  
If chief investigators, sponsors or principal investigators are asked to complete site level 
forms for participating NHS organisations in England which are not provided in IRAS or on 
the HRA website, the chief investigator, sponsor or principal investigator should notify the 
HRA immediately at hra.approval@nhs.net. The HRA will work with these organisations to 
achieve a consistent approach to information provision.   
  
Confirmation of Capacity and Capability   
This describes whether formal confirmation of capacity and capability is expected from 
participating NHS organisations in England.  




This is a single site study co-sponsored by the site. The R&D office will confirm to the CI 




Principal Investigator Suitability  
This confirms whether the sponsor position on whether a PI, LC or neither should be in 
place is correct for each type of participating NHS organisation in England and the 
minimum expectations for education, training and experience that PIs should meet (where 
applicable).  






GCP training is not a generic training expectation, in line with the HRA statement on 
training expectations.  
  
HR Good Practice Resource Pack Expectations  
This confirms the HR Good Practice Resource Pack expectations for the study and the pre-
engagement checks that should and should not be undertaken  
Honorary research contracts and letters of access will not be expected for this study as it 
is limited to using fully anonymised extracted samples that will be carried as part of 
routine care.  
  
  
Other Information to Aid Study Set-up   
This details any other information that may be helpful to sponsors and participating NHS 
organisations in England to aid study set-up.  
  The applicant has indicated that they do not intend to apply for inclusion on the 














Appendix C- Test of Normality  
Before storage:  




Statistic Df Sig. Statistic df Sig. 
AF Infected .102 53 .200* .973 53 .261 
Affected .114 53 .083 .973 53 .270 
Demin .115 53 .076 .895 53 .067 
Sound .113 53 .089 .976 53 .375 
 
*. This is a lower bound of the true significance. 
 




Statistic Df Sig. Statistic df Sig. 
SHG Infected .081 53 .200* .960 53 .075 
Affected .105 53 .200* .966 53 .136 
Demin .165 53 .200* .959 53 .062 
Sound .096 53 .200* .964 53 .063 
 
















Statistic Df Sig. Statistic df Sig. 
FLIM Infected .120 53 . .200* .934 53 .066 
Affected .074 53 .200* .981 53 .569 
Demin .095 53 .200* .955 53 .062 
Sound .059 53 .200* .991 53 .951 
 
*. This is a lower bound of the true significance. 




Statistic Df Sig. Statistic df Sig. 
KHN Infected .124 53 .073 .936 53 .061 
Affected .103 53 .200* .962 53 .095 
Demin .068 53 .200* .989 53 .900 
Sound .077 53 .200* .975 53 .319 
*. This is a lower bound of the true significance. 
 





After Storage:  
 




Statistic Df Sig. Statistic df Sig. 
AF Infected .123 22 .200* .948 22 .282 
Affected .111 22 .200* .961 22 .500 
Demin .122 22 .200* .986 22 .276 
Sound .151 22 .200* .897 22 .115 
 




Statistic Df Sig. Statistic df Sig. 
SHG Infected .168 22 .105 .922 22 .085 
Affected .122 22 .200* .933 22 .138 
Demin .194 22 .200* .946 22 .224 
Sound .121 22 .200* .931 22 .126 
 
 




Statistic df Sig. Statistic df Sig. 
KHN Infected .168 22 .200* .900 22 .062 
Affected .103 22 .200* .963 22 .554 
Demin .116 22 .200* .965 22 .607 
Sound .125 22 .200* .961 22 .510 
  









Statistic df Sig. Statistic df Sig. 
FLIM Infected .115 22 .200* .950 22 .315 
Affected .181 22 .200* .894 22 .071 
Demin .138 22 .200* .956 22 .409 
Sound .190 22 .068 .882 22 .061 
*. This is a lower bound of the true significance. 
 




Statistic df Sig. Statistic df Sig. 
RAMAN Infected .142 17 .200* .940 17 .351 
Affected .198 17 .076 .935 17 .263 
Demin .210 17 .200* .837 17 .065 
Sound .176 17 .170 .897 17 .068 
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